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University of Connecticut 2013

Mixotrophy is a common nutritional strategy that uses both heterotrophy and
photosynthesis. Kleptoplastidic mixotrophs do not make their own plastids but acquire
them from their algal prey. Before we can add mixotrophs to standard ecological models
we need to understand how much each nutritional mode contributes to mixotrophic
growth, and how this balance may be influenced by plastid acquisition, retention, and
turnover.
In order to examine the role of captured chloroplasts in the metabolism of the
oligotrich ciliate Strombidium rassoulzadegani. I evaluated the uptake and retention of
chloroplasts, the ability of two different algae to supply functional chloroplasts, and the
photosynthetic uptake of inorganic carbon by the chloroplasts once inside the ciliate. In
addition, the ability of the ciliate to take up inorganic forms of nitrogen and its role as
net mineralizer or utilizer of inorganic nitrogen was examined, using stable isotope
tracers of N in nitrate and ammonium. I compared mixotrophic ingestion and inorganic
uptake to that of the heterotrophic ciliate Strombidinopsis.
The kleptoplastidic ciliate had higher growth efficiency (GGE) on a chlorophyte diet
than a cryptophyte diet. When compared to the heterotroph, the mixotrophic ciliate had

improbably high GGEs at low algal food concentrations. However, mixotrophic ingestion
did not saturate as the food concentration increased as it did with the heterotroph,
suggesting that the mixotroph continues to consume algae at a high rate in order to
maintain a fresh supply of chloroplasts.
Mixotrophic inorganic carbon uptake did not change with algal food
concentration, but its importance to the ciliate’s carbon budget did increase. Although
there was measurable inorganic carbon uptake due to still-active algae in food vacuoles, it
did not contribute significantly to the growth of the heterotrophic ciliate. In terms of
nitrogen, mixotrophic and heterotrophic ciliates had similar GGEs with the mixotroph’s
being slightly higher. Furthermore, ammonium uptake was slightly higher in the
mixotroph. Inorganic nitrogen uptake did not contribute significantly to the nitrogen
budget of either the heterotrophic or mixotrophic ciliate, and nitrogen GGEs were always
less than one.
Kleptoplastidic ciliates like S. rassoulzadegani may survive algal scarcity by
ensuring that they have the freshest and most suitable plastids they can at any given time.
Like the heterotrophs, kleptoplastidic ciliates are net remineralizers of nitrogen, and thus
not competing with algae for this resource. However, they may outcompete heterotrophs
due to higher growth efficiency and high ingestion rates.
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Chapter 1
Mixotrophy: who does it, what do they get out of it, and why is it important?

Mixotrophy is defined as the use of inorganic carbon and organic carbon by the
same organism. Some mixotrophs, mainly algae and bacteria, use osmotrophy to acquire
organic nutrients (Tittel et al. 2005, Muehe et al. 2009). However, for the purposes of this
work, I only consider a narrower definition that includes organisms that both
photosynthesize and ingest particles.
Mixotrophy is a common nutritional strategy found among many different
eukaryotic groups including some multicellular organisms. Kleptoplastidic mixotrophs do
not make their own plastids, but instead retain them from captured algal prey. These
mixotrophs use their stolen plastids (kleptoplasts) to fix inorganic carbon. For example
juvenile stages of the sea slug Elysia chlorotica incorporates chloroplasts from
macroalgae. The slug can survive for its entire ten month life cycle without replacing the
chloroplasts (Green et al. 2000, Rumpho et al. 2000). By inhibiting the ribosomal activity
of the host, but not the acquired plastid, Hanten and Pierce (2001) demonstrated that E.
chlorotica produced proteins needed in the plastid. Furthermore, Rumpho et al. (2008)
located the psbO gene, which encodes an important subunit of photosystem II, in the eggs
of E. chlorotica. Both Hanten & Pierce (2001) and Rumpho et al. (2008) argue that
horizontal gene transfer has resulted in Elysia possessing the genes necessary to support
and maintain plastids that were derived from its prey.
There are numerous other examples of mixotrophy. These include the cladoceran
Daphnia sp. that keeps algal plastids and cyanobacterial cells inside gut endocytes (Chang
& Jenkins 2000). The salamander Ambystoma maculatum has algal cells associated with
its eggs. Salamander eggs without algae tend to fare worse than those with the algae
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(Albers & Prouty 1987, Marco & Blaustein 2000, Kerney et al. 2011). These salamanders
may use the algae as a sink for nitrogenous wastes (Goff & Stein 1978). Many corals have
a dinoflagellate endosymbiont that can provide all the carbon needed for the growth of
the polyp while they have light, but the polyp still needs to eat when in the shade or at
night. Furthermore, 96 % of the nitrogen assimilated by the endosymbiont is transferred
to the host (Falkowski et al. 1984, Revsbech 1995). Also, mixotrophic protists are fairly
commonly found within stromatolite communities (Al-Qassab et al. 2002).
Mixotrophic foraminifera have been shown to retain the plastids of their diatom
food (Lopez 1979, Cedhagen 1991, Bernhard & Bowser 1999, Pillet et al. 2010). Using
molecular methods, Bernhard & Bowser (1999) confirmed that many foraminiferan
plastids were obtained from their diatom prey. Many of these foraminifera are benthic
and live within the aphotic zone, making photosynthesis unlikely. Kleptoplastidic
foraminifera may be using their kleptoplasts to assimilate inorganic nitrogen (Grzymski et
al. 2002)
Bacterivorous pigmented flagellates are found in a wide range of habitats. In the
Antarctic 8-42% of bacterivorous nanoflagellates were pigmented and 4-23% of all
plastidic nanoflagellates were mixotrophs. These mixotrophs consumed on average 54%
of the bacterial standing stock per day (Moorthi et al. 2009). In the Arctic and Antarctic,
pigmented flagellates that are bacterivorous are relatively common, making up 1-22% of
the bacterivorous nanoplankton, and 2-32% of the pigmented nanoflagellates (Sanders &
Gast 2011). Furthermore, Sanders & Gast (2011) found that picoflagellate mixotrophs (<2
um) were also present, 1 to 7% of the pigmented picoflagellates were bacterivores.
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Together, nano and picoflagellate mixotrophs grazed 5 to 25% of the bacteria present
(Sanders & Gast 2011). In an Atlantic Ocean transect from 40oN to 40oS, mixotrophs
accounted for 60-70% of the total bacteria grazed by protists (Hartmann et al. 2012).
Berninger et al. (1992) found that mixotrophs accounted for about 48% of the
phytoflagellates and 90% of the bacterivory in an ice-covered mesotrophic lake, but
mixotrophic abundance and impact was much less in neighboring oligotrophic and
eutrophic lakes.
Most dinoflagellate groups have mixotrophic members (Stoecker 1999); two
notable examples are Prorocentrum minimum and Dinophysis spp. Stoecker et al. (1997)
observed Prorocentrum minimum with food vacuoles that contained ingested
cryptophytes, and found that these mixotrophic dinoflagellates only eat when they are
nutrient limited (Stoecker et al. 1997). Dinophysis acuminata and Dinophysis caudata
consume the mixotrophic ciliate Mesodinium rubrum and retain its plastids (Nishitani et
al. 2008). Some potentially harmful algal species are mixotrophic. The mixotrophic
dinoflagellate Karlodinium armiger, has recently been shown to swarm, immobilize and
consume copepods (Berge et al. 2012)
Mixotrophic ciliates are also common. The same Mesodinium rubrum that is
ingested by the kleptoplastidic dinoflagellate Dinophysis, itself retains plastid as well as
some of the nuclei from its algal prey (Hibberd 1977, Gustafson et al. 2000). An Antarctic
strain of M. rubrum can survive for weeks when starved under low light conditions
(Johnson & Stoecker 2005). Paramecium bursaria harbors endosymbiotic algae, and is
capable of taking up ammonium when the endosymbiont is present. However, when the
4

endosymbiont is absent the ciliate excretes ammonium (Albers et al. 1982). Stentor spp.
also have algal endosymbionts and one isolate, from an Australian lake, has been shown
to contribute up to 69% of the total primary production of the system where it was found
(Laybourn-Parry et al. 1997). Strombidium spp. are common plastid and endosymbiontcontaining oligotrich ciliates, and a number of isolates have been shown in culture to
incorporate inorganic carbon (Stoecker et al. 1989, Laval-Peuto et al. 1986, Dolan & Pérez
2000)
Stoecker (1998) formulated conceptual models to describe how organisms may
use mixotrophy. She defined type I mixotrophs as those who are able to grow equally
well via autotrophy, heterotrophy or mixotrophy. Organisms like the dinoflagellate
Prorocentrum minimum, which eats when nutrients are limiting but does not switch
completely to heterotrophy, are defined as type II mixotrophs. They are primarily
autotrophic organisms but capable of heterotrophy, often in response to nutrient
limitation. The colonial flagellate Dinobryon cylindricum, a type II mixotroph, is an
obligate phototroph (requires light) that obtains approximately 25% of its carbon through
grazing. On the other hand, organisms that are primarily heterotrophic but can also
photosynthesize are referred to as type III mixotrophs. This would include the many
ciliates that are capable of harboring endosymbionts or retaining plastids from their algal
food. Mixotrophic ciliates can average between 30% and 92% of the total ciliate
population in the photic zone (Stoecker et al. 1987, Putt 1990b, Dolan & Pérez 2000,
Woelfl & Geller 2002).
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Mixotrophic pigmented flagellates can also be important members of planktonic
communities. Some pigmented flagellates that would otherwise be classified as pure
phototrophs, or even type II mixotrophs, may behave as type III mixotrophs. For example,
the flagellate Poterioochromonas malhamensis is primarily bacterivorous, and possibly
cannibalistic, but when starved it can increase the size of its plastids and increase
photosynthesis (Caron et al. 1990).
Mathematical models and experimental food webs show varying effects of
mixotrophy on primary production and ecosystem stability. Stickney et al. (2000) showed
in mathematical models that that type II mixotrophic organisms compete with autotrophs
for nitrogen, but type III may not. Stickney et al. (2000) suggest that total primary
production might be reduced by the presence of mixotrophs because of the reduced uptake
of inorganic nitrogen, but that this may be offset by mixotrophic recycling. Mixotrophy has
been described as a form of intraguild predation, where the mixotroph, itself a primary
producer, is also grazing the algal primary producers and so reduces competition between
itself and the pure phototrophs for nutrients (Holt & Polis 1997, Jost et al. 2004, Hammer
& Pitchford 2005). This may have a stabilizing effect on food webs by controlling algal
populations through grazing and nutrient competition (Jost et al. 2004). In mesocosm
experiments mixotrophs were found to be able to invade and incorporate into previouslyestablished food webs (Katechakis & Stibor 2006). Katechakis et al. (2005) also suggested
that mixotrophs may be higher quality food for heterotrophs because they keep nitrogen
in the organic pool, through recycling of waste, when other algae are less abundant
(Katechakis et al. 2005).
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Mathematical models have been useful in describing mixotrophy and its effect on
food webs (Stickney et al. 2000). However, these models must be started with measured
rates of inorganic and organic nutrient acquisition (Flynn & Mitra 2009). Mixotrophy is not
often included in ecosystem models that were not built to specifically study it. Uncertainty
around mixotrophic processes may also result in many models under- or overestimating
mixotrophy, or leaving it out entirely (Flynn et al. 2012).

The two forms of acquired mixotrophy, kleptoplasty and endosymbiosis, may
recapitulate steps in organelle evolution. All eukaryotes are thought to have acquired
membrane bound organelles through endosymbiosis (Sagan (Margulis) 1967). Stoecker et
al. (2009) argue that the capacity for acquiring photosynthetic capability can be found
deep in the evolutionary history of single cell eukaryotes, as it is common across a variety
of protist groups. Chlorophyte plastids likely arose from a primary endosymbiotic event
where a cyanobacteria-like endosymbiont was harbored by a non-photosynthetic
organism. Over time, genes needed for the endosymbiont to live independently were
transferred from the endosymbiont to the host (Dyall et al. 2004). Cryptophyte algae are
the result of a secondary endosymbiotic event in which a non-photosynthetic organism
retained an ingested photosynthetic eukaryote, and over time the endosymbiont’s
genome was reduced and its functions were transferred to the host’s nucleus.
Cryptophyte plastids have retained a remnant of the symbiont nucleus as a structure
called the nucleomorph (Dyall et al. 2004). Horizontal gene transfer from endosymbiont,
or plastid source, to host is not limited to protists. As mentioned before, the mollusk
Elysia survives its ten month life cycle without food after stocking up on plastids as a
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juvenile (Rumpho et al. 2000). The sea slug can do this because it can maintain its
kleptoplasts (stolen plastids) (Mujer et al. 1996, Rumpho et al. 2001, 2008). This capacity
for gene transfer is essential for the evolution of permanent plastids. The ability to
support kleptoplasts or endosymbionts is important to an organism’s survival when
separated either spatially or temporally from a source of plastids or symbionts. This
separation may provide the selective pressure for the development of permanent
photosynthetic organelles (Wouters et al. 2009).
Much has been done to investigate the role of mixotrophy in individual
metabolism and in food webs. However, there are still many open questions, including
how long individual kleptoplastidic organisms can retain their plastids. The kleptoplastidic
ciliate Strombidium capitatum, for example, can retain plastids for up to 40 hours, but
Laboea strobila, a closely related ciliate, can retain plastids for as long as six days
(Stoecker et al. 1988, Stoecker & Silver 1990). The mollusk Elysia can retain plastids for up
10 months (Rumpho et al. 2000). The mechanism for replacement aging plastids in
kleptoplastidic mixotrophs is also poorly known. In one example, Strombidium capitatum
was able to replace half of a mixture of prymnesiophyte and chlorophyte-derived plastid
with cryptophyte-derived plastids within 4 hours. When returned to the mixed diet the
ciliate replace 84% of its cryptophyte plastids within 9 hours (Stoecker & Silver 1990),
suggesting strong preferential retention of cryptophyte plastids.
With regard to ciliate mixotrophs, one open question is whether and under what
conditions do they become mostly heterotrophic or mostly autotrophic. Laboea strobila
can obtain ~20% of its growth from primary production, but we do not have a good idea
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how this might vary with changing conditions of light, inorganic nutrient availability, or
changes in growth efficiency of heterotrophic metabolism. It is also unclear whether
kleptoplastidic metabolism is a net source or sink of inorganic nutrients like nitrogen.
Mesodinium rubrum has been shown to be capable of taking up inorganic nitrogen
(Wilkerson & Grunseich 1990), but Dolan (1997) argued that mixotrophic nitrogen
excretion rates are not very different from those of heterotrophs. However, these studies
did not simultaneously compare excretion to nutrient uptake and feeding. We also do not
know if mixotrophic inorganic nutrient uptake mechanisms are different from those of
heterotrophic uptake.
Plastid maintenance may not be important to organelle-retaining organisms that
only have transient kleptoplasts, but if the plastids are not replaced regularly then they
need to be repaired or reproduced. An Antarctic strain of the kleptoplastidic ciliate
Mesodinium rubrum was able to grow and reproduce for about eight weeks without
replacing its plastids (Johnson & Stoecker 2005). Mesodinium rubrum not only retains
algal plastids but also some algal nuclei, which remain transcriptionally active in the ciliate
(Johnson et al. 2006). Elysia does not retain the algal nucleus, but nuclear encoded genes
for plastid support have been found in the mollusk’s eggs (Mujer et al. 1996). The issue of
whether this partial genetic integration of plastids is common among kleptoplastidic
organisms remains an open question.
Kleptoplastidic mixotrophs appear to select specific plastids. The plastid selection
mechanism in Elysia is based on which plastids are easiest to obtain in high numbers
(Händeler et al. 2009). Kleptoplastidic ciliates also seem to retain specific plastids. For
9

example, one isolate of Mesodinium rubrum was found to only contain the plastids of
Geminigera cryophila (Johnson et al. 2006). Laboea strobila collected from Long Island
Sound was shown to contain phycoerytherin, a pigment usually found in cyanobacteria
and cryptophytes (McManus & Fuhrman 1986). However, Laboea strobila has been grown
in culture on mixed diets without cryptophytes as well as with cryptophytes (Stoecker et
al. 1988). In culture, Strombidium rassoulzadegani can grow on and retain the plastids of
chlorophyte or cryptophyte algae, but in situ it seems to mainly retain the plastids of the
reproductive cells of the macroalgae Ulva (McManus et al. 2004, 2012). These organisms
are able to select among plastids from different sources, but it is unclear whether
selection in nature occurs at the point of ingestion or of plastid retention.

Objectives
My broad goals were to examine how kleptoplastidic ciliates obtain, retain and
utilize plastids. Using the mixotrophic oligotrich Strombidium rassoulzadegani as a model
organism and the heterotrophic choreotrich Strombidinopsis sp. for comparison, I
conducted laboratory experiments on feeding, growth, plastid cycling as well as the
uptake of inorganic carbon and nitrogen.
Strombidium rassoulzadegani is a mixotroph that can retain plastids from several
kinds of algal prey (McManus et al. 2004, 2012). It is predominantly an obligate
mixotroph as it is very difficult, though not impossible to obtain positive growth in
cultures maintained in the dark (McManus et al. 2012). It was isolated from a tide pool
along Long Island Sound (LIS) by enriching samples with the chlorophyte microalga
10

Tetraselmis chui (McManus et al 2010). Strombidinopsis sp. is a heterotrophic choreotrich
that was also isolated from LIS.
This introductory chapter of the dissertation is followed by three chapters
describing my experiments and observations and one concluding discussion chapter.
Chapter 2 reports on experiments designed to measure how long S. rassoulzadegani can
retain its kleptoplasts and how often it may replace them. I determined if the plastid
source matters for retention and turnover of plastids and whether S. rassoulzadegani
discriminates between plastid sources during ingestion of algae or retention of the
plastids. I also explored how different diets affect the gross growth efficiency (GGE) of S.
rassoulzadegani.
In Chapter 3, I address questions of whether S. rassoulzadegani uses plastids for
inorganic carbon uptake, changes its inorganic carbon uptake rate based on algal food
availability, and how mixotrophic uptake compares to inorganic carbon use in the
heterotrophic ciliate Strombidinopsis sp. I performed experiments to examine the impact
of inorganic carbon uptake on the GGE of both ciliates, and I also used a pulse chase
experiment to assess respiration and recycling of incorporated inorganic carbon.
Chapter 4 reports on measurements of inorganic nitrogen uptake in the two
ciliates. I performed experiments to measure effects of algal food concentration on
inorganic nitrogen uptake, and whether inorganic nitrogen uptake affects GGE. I also
examined whether there is any difference between the ciliates’ ammonium uptake
mechanisms.

11

Chapter 5 provides a summary and discussion of the data presented in the
previous chapters and some suggestions for future research directions. I also discuss how
my findings contribute to our understanding of mixotrophy and the role of ciliates like S.
rassoulzadegani in coastal food webs.
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Chapter 2
Plastid Retention, Use, and Replacement in a Kleptoplastidic Ciliate

This chapter is an author generated and modified version of an article that was first
published in Aquatic Microbial Ecology Vol. 67:177-187, doi:10.3354/ame01601
It is included here with the express permission of the publisher.
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Abstract:
The marine oligotrich ciliate Strombidium rassoulzadegani retains and utilizes the
chloroplasts of its algal food. It does not appear to be able to induce its captured plastids
to divide, and so the plastids must be replaced with new ones from recently-ingested
food. I measured the plastid replacement rate of Strombidium rassoulzadegani, its growth
and feeding rates, chlorophyll retention, mortality when starved, and whether the ciliate
showed differential grazing or plastid retention when presented with different algal foods.
Strombidium rassoulzadegani had similar mortality rates when starved following growth
on either Tetraselmis chui or Rhodomonas lens. When presented with a source for new
plastids the ciliate can incorporate its first new plastid within 30 minutes and completely
replace all of its plastids within 48 to 72 hours. Strombidium rassoulzadegani did not
show a preference for either Rhodomonas lens or Tetraselmis chui when grazing.
However, the ciliate did preferentially acquire the Tetraselmis-derived plastids. My results
contrast with those for other mixotrophic ciliates. For example, Mesodinium rubrum can
maintain its plastids for extended periods of time (weeks), while Strombidium capitatum
can quickly lose (40 hours) and replace (9 hours) its prey-derived plastids. Strombidium
rassoulzadegani not only preferentially retains Tetraselmis-derived plastids over
Rhodomonas-derived plastids, but also seem to be able to grow more efficiently when
grazing Tetraselmis. Strombidium rassoulzadegani may contribute to the primary
production in the tide pools where it is found and by using autotrophic and heterotrophic
nutritional strategies may be able to survive changes in food availability.
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Introduction:
Kleptoplasty, the retention and utilization of the plastids of ingested algal prey, is
found in a wide range of protists including foraminiferans (Anderson & Bé 1976),
dinoflagellates (Takishita et al. 2002), and ciliates (Stoecker et al. 1988, 1989), and it is
known to occur in some metazoans as well (Teugels et al. 2008). Some mixotrophic
protists consume algae, retaining the prey plastids, and sometimes other organelles, but
digesting the rest of the algal cell (Johnson et al. 2007). Mixotrophs may be important
primary producers and grazers within their ecosystems (Stoecker 1999). Mesodinium
rubrum, for example, has been reported to contribute as much as 22%, and 73% of
planktonic primary production (Stoecker et al. 1991, Sanders 1995). Furthermore, M.
rubrum can dominate the phytoplankton in estuaries like the Colombia River (Herfort
2012) Laybourn-Parry et al. (1997) demonstrated that Stentor could contribute 69% of the
total primary production in an Australian lake. Under certain circumstances, being a
mixotroph may give an organism an advantage over those that are only heterotrophic or
autotrophic. By grazing on algae, mixotrophs can reduce algal abundance and thus limit
competing heterotrophic predators while at the same time reducing competition with
algae for inorganic nutrients (Tittel et al. 2003).

Many plastid-retaining ciliates have been shown to be capable of photosynthesis.
For example, Laboea strobila derives approximately 22 % of its growth though
photosynthesis (Putt 1990a). An Antarctic strain of Mesodinium rubrum achieved the
majority (c.90 %) of its growth through photosynthesis (Johnson & Stoecker 2005).
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Kleptoplastidic oligotrich ciliates such as Strombidium capitatum, Strombidium conicum,
Strombidium chlorophilium, Strombidium acutum and Strombidium rassoulzadegani have
all been shown to incorporate 14CO2 (Stoecker et al. 1989, McManus et al. 2012).

Strombidium rassoulzadegani is a kleptoplastidic ciliate found in tide pools
(McManus et al. 2010). It normally feeds on the reproductive unicells of green macroalgae
and retains their chloroplasts (McManus et al. 2004, where it was called Strombidium
stylifer). Strombidium rassoulzadegani is able to retain plastids and grows in vitro on
phylogenetically diverse algae (McManus et al. 2012). In this study I presented S.
rassoulzadegani two different algal diets, the chlorophyte Tetraselmis chui and
cryptophyte Rhodomonas lens. Chlorophytes have two membranes surrounding their
chloroplasts, and are thus thought to have arisen from an endosymbiotic event in which
an organism without plastids incorporated a photosynthetic prokaryote in a primary
endosymbiosis (Gould et al. 2008). Rhodomonas is a cryptophyte. These algae have four
membranes surrounding their plastids. Furthermore, they often have a vestigial nucleus,
which is called a nucleomorph, associated with their plastid (Cavalier-Smith 2002).
Cryptophyte plastids are believed to have arisen from a secondary endosymbiotic event,
where a photosynthetic eukaryote was incorporated into a non-photosynthetic organism
(Gould et al. 2008). Like other kleptoplastidic oligotrichs, S. rassoulzadegani does not
appear to retain any part of its prey’s nucleus. In the present study I measured plastid
replacement rates, maximum retention time, starvation mortality, growth rates, grazing

16

rates, and growth efficiency in this ciliate when it was presented with different algal diets,
and discuss its ecophysiology in comparison with other kleptoplastidic ciliates.

Materials and Methods:
Cultures:
Strombidium rassoulzadegani was isolated from a tide pool on Long Island Sound
(LIS) and maintained in culture on the chlorophyte alga Tetraselmis chui (clone PLY429) at
19oC and 12:12 light cycle at 100 µmol photons m-2 s-1 in f/2 medium at a salinity of 33
ppt. The ciliate is identical in small subunit ribosomal gene sequence to clade VII of Katz et
al (2005). The relationship of this species to other green tide pool oligotrichs is discussed
in McManus et al. (2010). The food organisms Tetraselmis chui and Rhodomonas lens
were maintained at a salinity of 20 ppt in f/2 medium under the same light and
temperature regime as the ciliates.
Ciliate and algal carbon contents were estimated using volume to carbon
relationships developed by Menden-Deuer & Lessard (2000). Average Strombidium
rassoulzadegani cell volume was calculated from measurements taken of 10 ciliates. The
shape of the ciliate was assumed to be a cone topped with a half sphere. Algal volumes
were also an average of 10 cells; algal cell shapes were assumed to be prolate spheroids.
To evaluate the ciliate’s use of chloroplasts and other algal-derived material, I
observed cultures using bright field and differential interference contrast microscopy.
Fluorescence of specimens stained with the DNA intercalating fluorochrome
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4’, 6-diamidino-2-phenylindole (DAPI) were examined to determine whether the ciliate
retained any of the algal nuclei.

Plastid Replacement:
To measure the time needed for Strombidium rassoulzadegani to replace its
plastids under food-replete conditions, I used algae with differently colored plastids.
Ciliate cultures were initiated with either Rhodomonas (red chloroplasts) or Tetraselmis
(green chloroplasts) as the sole food source. Individual S. rassoulzadegani that had been
maintained on Tetraselmis were rinsed in 0.22 µm filtered sea water (FSW) and
transferred into separate wells of 96 well plates that had fresh medium and growthsaturating concentrations of Rhodomonas; ciliates that had been maintained on
Rhodomonas were transferred to Tetraselmis in the same manner. Between 10 and 12
individuals from wells that did not show growth were subsequently examined live under
the microscope at: 0 min, 1 min, 5 min, 15 min, 30 min, 1 hour, 2 hours, 4 hours, 8 hours,
12 hours, 24 hours, 48 hours and 72 hours. Images were taken at the first appearance of
new plastids positioned immediately under the ciliate’s pellicle, when the ciliates had
replaced approximately half their plastids, and when all plastids had been replaced.

Plastid Retention during starvation:
Strombidium rassoulzadegani was grown at saturating concentrations of
Tetraselmis or Rhodomonas. Ciliates were transferred three times through FSW rinses
and then placed into algae-free f/2 medium. Ciliates were then starved for 24, 48, 72 and
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96 hours under 12:12 light cycle at 100 µmol photons m-2 s-1. At each sampling time I
picked 15-20 individuals and pressed them between a cover slip and a glass microscope
slide. I made space for the ciliate between the cover slip and the slide by putting small
amounts of silicone grease on the corners of the cover slip. Enough pressure was put on
the cover slip so that the whole flattened cell could be viewed in one focal plane, but not
so much that the cell’s contents would be carried away by capillary action.
Autofluorescence of these cell “squashes” was examined using an Olympus BX50
microscope at 460-490 nm excitation and > 520 nm emission wavelengths. Fluorescence
micrographs were taken and relative Chlorophyll a content per cell was estimated as the
total area of fluorescent plastids using the imageJ software (Rasband 1997).

Ciliate Mortality When Starved:
To measure starvation mortality of Strombidium rassoulzadegani, I first grew
triplicate cultures of ciliates with either Tetraselmis or Rhodomonas as food. Once the
ciliates achieved high abundance they were separated from the algae by dilution with
FSW followed by reverse filtration under a submerged 20 µm nylon mesh. Rounds of
dilution and reverse filtration were continued until there was less than 1 algal cell ml-1.
After being separated from the algae, the ciliates were placed in new medium at a
concentration of several hundred cells per ml. Ciliates were then incubated at 100 µmol
photons m-2 s-1 on a 12:12 light cycle. One ml samples were taken at t0 and after every
subsequent 24 h, and fixed in acidic Lugol’s iodine. Survivors were counted on an inverted
microscope.
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Growth and Grazing Rates:
We measured numerical (growth) and functional (grazing) responses with respect
to concentrations of either Rhodomonas or Tetraselmis, and used these to estimate gross
growth efficiency (GGE) for Strombidium rassoulzadegani that had previously been grown
on a diet of Tetraselmis. I also used these growth curves to determine if there was any
difference in the maximum growth or grazing rate due to diet. Responses were calculated
using the equations of Frost (1972), as modified by Heinbokel (1978) (Eq. 2.1). These
equations can be used to estimate grazing by comparing the growth rate of algae in the
presence and absence of grazers.
Eq. 2.1 Ingestion calculations
a) I = F × C
V × (k c − g )
b) F =
S
S − S0
c) S = t
t × ks

Ct − C 0
t × (k c − g )
Where I is ingestion, F is clearance rate (L cleared per day), V is volume of experimental
chamber, g is growth rate (d-1) of algae with ciliate predators present , kc is growth rate of
algae without ciliates(d-1), S is average ciliate abundance (ugC), St and S0 are ciliate
abundance at the end and the beginning of the experiment, t (d) elapsed time of
experiment, ks (d-1) is the growth rate of the ciliate, C (ugC L-1) is the average algal
concentration, C0 and Ct (ugC L-1) are algae concentrations at the beginning and end of the
experiment.
d) C =
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Ciliates were first acclimated at each food concentration for 24 hours prior to the
experiment. For each food concentration, the ciliates were then placed in triplicate 10 ml
wells within hanging cell culture inserts. There were equal initial concentrations of algae
within the wells inside and outside of the inserts. The inserts had an 8 µm pore size filter
on the bottom that allowed medium to pass through but not ciliates or algae. This
allowed us to account for any increase in algal growth rates under grazing due to
remineralization of nutrients by the ciliates. Preliminary experiments suggested that this
effect could be significant. Initial algal samples were taken and I then added 10-15 of the
pre-acclimated Strombidium rassoulzadegani cells to each well. Algal prey concentrations
ranged between 102-105 cells ml-1 and were chosen based on preliminary experiments.
After three days, contents in the wells were fixed with Lugol’s acidic iodine, and
ciliates and algae were counted on an inverted microscope. I fit the response curves to a
modified Michaelis-Menten equation that incorporates a threshold using Sigma Plot 11
(Eq. 2.2). The x-intercept is the food concentration at which growth or grazing is zero
(Montagnes 1996). Ciliate and algal carbon contents were used to convert algae ingested
per ciliate to a specific ingestion rate (IR, units of day-1) so that I could compare ingestion
rates with specific growth rates. An extra sum of squares F-test was performed to
compare the curves and fit parameters for the two different foods (Motulsky & Ransnas
1987). This procedure was used to determine if one set of parameters could describe
both data sets or if food type produced significantly different curves. The null hypothesis
was that a single curve best fits both data sets.
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Eq. 2.2 Michaelis-Menten equation

V=

V max× [C − T ]
Km + [C − T ]

Where V is the ciliate growth or grazing rate, Vmax is maximum ciliate growth or grazing
rate, [C] is the algae concentration, and Km is the algal concentration at which the ciliate
growth rate is half the maximum growth rate. T is the threshold or lowest food
concentration at which the ciliates will grow or graze.

Gross Growth Efficiency
Ciliate GGEs were calculated for both foods as specific growth rate divided by
specific ingestion rate (µ IR-1, dimensionless). GGE represents the ratio of new biomass to
ingested carbon. For mixotrophs GGE is not constrained to be less than one, as it would
be in a strict heterotroph, because growth can be supported by inorganic carbon obtained
through photosynthesis.

Feeding selectivity

We determined whether Strombidium rassoulzadegani could discriminate
between plastid sources through either selective grazing or plastid retention by
presenting the ciliate with diets consisting of Tetraselmis, Rhodomonas, or a mixture of
the two, at saturating concentrations. Ciliates were first acclimated at saturating
concentrations of only Tetraselmis for 24 hours. Saturating concentrations of
Tetraselmis, Rhodomonas or a mixed diet of the two were prepared in triplicate 10 ml
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wells with hanging cell culture inserts. Twenty pre-acclimated ciliates were then placed
into each well. Three to six cells were taken from each treatment diet at 0, 1, 15 and 72
hours, and prepared as live wet mounts. Micrographs were taken for image analysis by
imageJ (Rasband 1997) to determine the percent of red plastids in the ciliates over time. A
time-zero blank was subtracted from subsequent time points to account S.
rassoulzadegani’s red eyespot (McManus et al. 2004). The effect of diet and time on the
fraction of red plastids was analyzed by two-way ANOVA followed by Tukey’s post-hoc
pairwise multiple comparison (Montgomery 2005). At 72 hours the remaining ciliates and
algae were fixed and ingestion rates were determined as in the previous grazing
experiment. The percent Rhodomonas grazed on separate and mixed diets was calculated
as 100 × Rhodomonas grazed ÷ (Rhodomonas grazed + Tetraselmis grazed). A t-test was
used to determine if there was a significant difference between the percent Rhodomonas
grazed by S. rassoulzadegani on separate diets vs. mixed diets. A logit transformation was
applied to normalize proportional data (Warton & Hui 2011).
Results:
Cultures:
Average Strombidium rassoulzadegani cell volume was 33510 µm3; carbon
content was 6.5 ng cell-1. Tetraselmis cell volume was 781 µm3, and calculated carbon
content was 0.112 ng cell-1. Average cell volume for Rhodomonas was 451 µm3, and
calculated carbon content was 0.067 ng cell-1.
We did not observe any nuclear material other than that of the ciliates when
stained with the DNA intercalating fluorochrome DAPI.
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Plastid Replacement:
When ciliates that were maintained on a diet of Rhodomonas lens (Fig. 2.1A) were
switched to a diet of Tetraselmis chui (Fig. 1B) the first green Tetraselmis plastid was in
place immediately under the pellicle of the ciliate within 30 minutes (Fig, 1C, D). Twenty
four hours after being moved to the Tetraselmis diet, the ciliate had only a few red
Rhodomonas plastids visible (Fig. 2.1E) and after 48 hours all the ciliates examined
contained only green plastids (Fig. 2.1F). Ciliates initially grown on the Tetraselmis (Fig.
2.2A) diet and then moved to a diet consisting of Rhodomonas (Fig. 2.2B) also showed the
first new plastid within 30 min (Fig. 2.2C). However, at 24 hours only about half of the
plastids were red (Fig. 2.2D,E), and after 48 hours there were still a few green Tetraselmis
plastids remaining near the oral region of the ciliate (Fig. 2.2F). I controlled for plastid
dilution through growth by conducting the experiment in 96 well plates with one cell in
each well and at each time point picking from wells that still had only one ciliate. Even if
cells had been growing at a typical rate of one division per day, however, the rate of
replacement of Rhodomonas chloroplasts with Tetraselmis ones was much faster than
simple dilution could account for, indicating that the ciliates were actively switching from
one plastid type to another.
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Figure 2.1 Strombidium rassoulzadegani replaces Rhodomonas-derived plastids with
Tetrasemis-dirved plastids within 48 hours of being switched from a diet consisting of
Rhodomonas to a diet of only Tetraselmis. (A) Strombidium rassoulzadegani fed only
Rhodomonas; (B) a single Tetraselmis cell; (C,D) S. rassoulzadegani that had been
previously fed only Rhodomonas 30 min after being switched to a diet of Tetraselmis.
Arrows indicate green Tetraselmis-derived plastids. (E) 24 hours and (F) 48 hours after
being placed on the Tetraselmis diet.

Figure 2.2 Strombidium rassoulzadegani retains some Tetrasemis-dirved plastids 48 hours
after being switched from a diet consisting of Tetraselmis to only consisting of only
Rhodomonas. (A) Strombidium rassoulzadegani fed only Tetraselmis; (B) a single
Rhodomonas cell; (C) S. rassoulzadegani that had been previously fed only Tetraselmis,
30 min after being switched to a diet of Rhodomonas. Arrows indicate the first
appearance of Rhodomonas-derived plastids. (D,E) 24 hours and (F) 48 hours after being
switched to a diet of Rhodomonas, a small number of Tetraselmis-derived plastids still
remain at 48h, indicated here with a circle.
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Plastid Retention during starvation:
After acclimation on either Tetraselmis or Rhodomonas, individual Strombidium
rassoulzadegani cells were moved into algae-free medium, cell squashes were examined
and photographed for image analysis and fluorescent area was measured at each time
point as a proxy for chlorophyll content. Average fluorescent area was calculated from 1020 cells (Table 2.1). Because the data were not normally distributed or homoscedastic, a
generalized linear model (GLM) was used to assess the impact of starvation and diet on
plastid retention measured as fluorescent area (Montgomery 2005). I found no significant
effect of starvation (p = 0.576) or diet (p = 0.239), or their interaction (p = 0.624), on
fluorescent area.
When starved after being acclimated on a diet of Tetraselmis Strombidium
rassoulzadegani showed high variability from cell to cell in fluorescent area (Table 2.1).
Ranges for ciliates acclimated on Tetraselmis were 6004 µm2 cell-1 at 24 hours, 3823 µm2
cell-1 at 48 hours, 4725 µm2 cell-1 at 72 hours and 4475 µm2 cell-1 after 96 hours. Some
members of the population were able to retain plastids for up to 96 hours after being
separated from their algal food (up to 5454 µm2 cell-1). However, there were also
members of the population that retained few plastids (at minimum 979 µm2 cell-1). The
increase in fluorescence area after 48 hours, though not statistically significant, may have
been due to higher mortality rates in cells that started out with fewer plastids. Ciliates
that were starved after growth on Rhodomonas showed a similar pattern to those grown
on Tetraselmis. Variability was high and there was no apparent decrease in fluorescence
per cell with starvation (Table 2.1). There were not enough surviving Rhodomonas26

acclimated cells after 72 hours or Tetraselmis-acclimated cells after 96 hours to prepare
cell squashes for these time points.
Table 2.1 Fluorescence area, a proxy for chlorophyll content, in cell squashes of
Strombidium rassoulzadegani when starved after being acclimated on a diet of either
Tetraselmis or Rhodomonas. Standard deviations are in parentheses. There was no
significant effect of time of starvation or diet on fluorescence area

Diet
24 hours
48 hours
72 hours
96 hours

Tetraselmis
1629 (1438)
893 (814)
1598 (1420)
1953 (1146)

Rhodomonas
530 (325)
558 (436)
382 (733)
NA

Ciliate Mortality When Starved:
For ciliates grown on Tetraselmis, the exponential rate of decline in ciliate
abundance from 0 to 48 hours was 0.26 d-1 (R2 = 0.49, p = 0.039), and after 48 hours it
increased sharply to 0.94 d-1 (R2 = 0.94, p < 0.0001) (Fig. 2.3). Where S. rassoulzadegani
was first grown on Rhodomonas and then starved I found similar exponential mortality
rates, but the sharp increase in mortality occurred after 24 hours (0.86 d-1, R2 = 0.97, p <
0.0001) (Fig. 2.3).

27

-1

S. rassoulzadegani abundanece (cells ml )

600

500

400

300

Tetraselmis
Rhodomonas

200

100

0

0

20

40

60

80

100

120

140

Time (hours)

Figure 2.3 Changes in abundance of Strombidium rassoulzadegani when starved after
being fed a diet of either Tetraselmis or Rhodomonas. While there was a large reduction
in ciliate abundance, some cells were still present at 120 hours on the Tetraselmis diet,
but none after 96 hours on the Rhodomonas diet. Separate exponential decay fits were
made to the data before and after 48h for the Tetraselmis diet and 24 hours for the
Rhodomonas diet.

While the mortality rates for the ciliates acclimated on either of the two diets
were not very different, there does appear to be a longer lag time in the ciliates that were
acclimated on Tetraselmis. The inflection point appeared to occur after 48 hours in the
ciliates fed Tetraselmis and 24 hours for ciliates fed Rhodomonas. Algal growth during this
experiment was not detectable.
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Growth and Grazing
To determine if there were any differences in ingestion or growth rates based on
diet, I measured growth and grazing rates over a range of algal food concentrations for
the two algal foods. When I compared numerical response curves (growth rate vs. algal
food concentration), I found significant differences when the data were fit to single curve
or separate curves for each diet treatment (probability that separate curves provide a
better fit than a single curve for the two datasets p < 0.001). Curve parameters were also
significantly different. The maximum growth rates (Vmaxµ) were 1.25 d-1 for Tetraselmis,
and 0.92 d-1 for Rhodomonas (p = 0.003). The half saturation concentrations
(Kmµ) were 522 µgC L-1 for Tetraselmis and 282 µgC L-1 for Rhodomonas (p < 0.001), and
threshold food concentrations for growth (Tµ ) were 0 µgC L-1 for Tetraselmis and 133 µgC
L-1 for Rhodomonas (p = 0.038) (Fig. 2.4) (Table 2.2). I also found a significant difference in
the overall fit of the functional response curves (ingestion vs. food concentration) for the
two data sets (p = 0.007). However, there were no significant differences in the separate
parameters (Table 2.2).
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Figure 2.4 Specific growth rate (µ) vs. algal food concentration expressed as µgC L-1. The
data are best fit by separate curves. Estimates of the parameters Vmaxi, Ti and Kmi were
significantly different (Table 2).
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Figure 2.5 Specific ingestion rate (IR) vs. algal food concentration expressed as µgC L-1.
The data are best fit by separate curves. However, estimates of the parameters Vmaxi, Ti
and Kmi were not significantly different (Table 2).
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Table 2.2 Result of extra sum of squares F-test comparing growth and grazing rates of S.
rassoulzadegani on algal diets of Tetraselmis chui and Rhodomonas lens. The null
hypothesis for the overall fit is that there is no difference between the two data sets fit
to separate models or fit to the same model. Values marked with an * were significantly
different from zero at α = 0.05. Standard errors for parameter estimates are in
parentheses.

Diet
Overall fit
Vmaxµ
Tµ (-1)
Kmµ(µgC L-1)

Tetraselmis
1.25* (0.1)
0 (44.9)
522* (164.8)

Rhodomonas
0.92* (0.06)
133* (37.5)
282* (110.4)

p=
<0.001
0.003
0.038
<0.001

Overall fit
Vmaxi
Ti (µgC L-1)
Kmi (µgC L-1)

9.5* (1.6)
10 (87.3)
759* (367.6)

12.7* (1.4)
0 (119)
729* (334.7)

0.007
0.126
0.905
0.934

Gross Growth Efficiency
S. rassoulzadegani fed Tetraselmis across a range of food concentrations had GGEs
ranging from 0.08 to 0.56, with a marked increase at low food concentrations (Fig. 2.6).
On a diet of Rhodomonas, it showed lower GGEs, ranging from 0.02 to 0.14 with no sharp
increase at low food concentration (Fig. 2.6).
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Figure 2.6 Ciliate gross growth efficiencies (GGE) on either a diet of Tetraselmis chui or
Rhodomonas lens vs. algal food concentration expressed as µgC L-1. When the ciliate was
fed Rhodomonas, GGE did not appear to vary with food concentration.

Feeding selectivity
In the experiment comparing unialgal and mixed diets, I found no evidence for
food selection. Ingestion rates were approximately the same on the two unialgal diets,
and the two algae comprised nearly equal portions of the diet when offered together (43
% Rhodomonas and 57 % Tetraselmis). However, the proportion of red Rhodomonasderived plastids to green Tetraselmis-derived plastids (c. 10 %) remained low and constant
on the mixed diet (Fig. 2.7). The proportion of red chloroplasts increased over time in the
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Rhodomonas-only diet as the ciliates replaced their green chloroplasts in about 72 h,

Percent of red plastid area in images of ciliates

consistent with the plastid turnover observations.
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Figure 2.7 Proportion of Rhodomonas-derived plastids, measured as the percent area of
red plastids to total plastid area. In multiple pairwise comparisons I saw no difference
within the mixed diet but there was a significant difference between 1 hour and 72 hour
time points in the Rhodomonas diet, and a significant difference between diets.

Discussion:

There seems to be a wide range in plastid retention and turnover rates in
organelle retaining ciliates. For example, Mesodinium rubrum retains plastids, nuclei and
mitochondria from its algal prey (Taylor et al. 1971, Hibberd 1977, Oakley & Taylor 1978);
the algal genetic material is at least partially transcriptionally active within the ciliate
(Johnson et al. 2007). An Antarctic strain of Mesodinium is able to maintain its plastids for
up to eight weeks without replacing them under cold, low light (2.5 µmol photons m-2 s-1)
conditions that induced relatively low growth rates (about 0.2 d-1) (Johnson & Stoecker
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2005). Furthermore, this Mesodinium isolate’s plastids retain the ability to divide (Johnson
et al. 2006). The Antarctic Mesodinium was found to be photosynthetic throughout an
eight week starvation period, and Mesodinium maintained under low light conditions
were able to survive starvation longer than those exposed to high light. In contrast, when
Stoecker & Silver (1990) grew Strombidium capitatum on a mixed diet of cryptophytes
and prymnesiophytes and then starved them, the ciliates preferentially retained
cryptophyte-derived plastids for up to 40 hours. However, S. capitatum only retained the
prymnesiophyte-derived plastids for 16 hours when starved (Stoecker & Silver 1990).
When cryptophytes were added to a diet of S. capitatum that already consisted of
prymnesiophytes and chlorophytes the ciliate was able to quickly (within 4 hours) take up
the cryptophyte plastids, half of the ciliate’s plastids were derived from the cryptophyte
and half from the original diet (Stoecker & Silver 1990). When it was switched back to its
original diet, S. capitatum replaced 84% of its cryptophyte plastids within 9 hours. Another
kleptoplastidic oligotrich, Laboea strobila, was grown by Stoecker et al. (1988) on a mixed
diet of the prymnesiophyte Isocrysis galbana and the cryptophyte Chroomonas salina.
They then starved the ciliate under 12:12 light cycle and in the dark. Laboea was able to
survive and retain plastids from either source under starvation for up to six days. While
the ciliates exposed to the 12:12 light cycle retained both types of plastids, they
preferentially retained Isocrysis-derived plastids in the dark. In my study, Strombidium
rassoulzadegani survival when starved was most similar to that of Laboea. S.
rassoulzadegani when acclimated on a diet of either Tetraselmis or Rhodomonas and then
separated from algal prey was able survive starvation for 120 hours for ciliates grown on
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Tetraselmis and 96 hours for ciliates grown on Rhodomonas. There was an initial short
period of little mortality followed by an exponential decrease in ciliate abundances (Fig.
2.3). Mortality increased strongly after 48 hours for ciliates acclimated on Tetraselmis and
24 hours for ciliates acclimated on Rhodomonas. This was most likely due to dysfunction
of the aging chloroplasts and starvation. In experiments designed to track the loss of
plastids in S. rassoulzadegani over time there was no significant effect of either time or
diet on plastid retention. Furthermore, there was great variability in plastid content from
cell to cell. Notably, I did not observe any aplastidic cells, and previous studies have
indicated that kleptoplastidic oligotrichs only rarely digest their stolen plastids (LavalPeuto & Febvre 1986).

Oligotrich ciliates like Laboea strobila, Strombidium capitatum and Strombidium
rassoulzadegani that retain chloroplasts apparently do not sequester the algal nucleus, or
have any regulatory control over their plastids. Therefore, they must replace their aging
plastids with newly ingested ones. Within 30 min of being offered a new algal food source
S. rassoulzadegani had plastids from the new algal food positioned at the periphery of the
cell (Fig 2.1 & 2.2). Furthermore, all of the ciliate’s plastids were replaced after 48 to 72
hours (Figs. 2.1, 2.2 & 2.7), depending on the algal food source. While S. rassoulzadegani
apparently cannot reproduce its plastids, it can replace them when there is a readily
available source. This is notably slower than that of S. capitatum. S. rassoulzadegani does
not appear to strongly select Tetraselmis over Rhodomonas when grazing on mixed diets,
but they do preferentially acquire the plastids from Tetraselmis over Rhodomonas-derived
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plastids when both are available. However, when offered no other option S.
rassoulzadegani will readily incorporate the plastids of Rhodomonas (Fig. 2.2 & 2.7). The
observed difference in the transition time from Tetraselmis-derived plastids to
Rhodomonas-derived plastids and Rhodomonas-derived plastids to Tetraselmis-derived
plastids may be explained by the preferential sequestration of the Tetraselmis-derived
plastids (Fig. 2.7).

Heterotrophic protist GGE can range between 0.1 and 0.7 with an average of
about 0.33, and these change very little with food concentration (Verity 1985). However,
the mixotrophic ciliate Stentor can have higher (0.64-0.82) GGEs because of the carbon
subsidy it receives from photosynthesis of its algal endosymbiont (Laybourn 1976,
reviewed in Caron & Goldman 1990). Approximately 22% of Laboea’s photosynthate goes
to subsidize the ciliates’ growth (Putt 1990), suggesting a small boost to GGE. Johnson &
Stoecker (2005) report that grazing only accounted for 8.8 to 10.8% of growth of an
Antarctic Mesodinium, depending on light conditions. This resulted in values of 9.26 to
11.36 by my definition of GGE (growth ÷ ingestion), underscoring the dominance of
autotrophy in Mesodinium (Johnson & Stoecker 2005). As mentioned above this was an
Antarctic strain, and it is unclear how it might compare to more temperate Mesodinium.

Although Strombidium rassoulzadegani fed and grew on both diets, there were
some evident differences across the range of algal food concentrations used. In general,
the ciliate ate less and grew faster on Tetraselmis than on the Rhodomonas diet (Figs. 2.4
& 2.5). These differences in growth and grazing rates resulted in differences in GGE
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especially at low food concentrations (Fig. 2.6). On Tetraselmis growth efficiencies were
high (0.56 maximum) when food was scarce (Fig. 2.6). On the other hand, GGEs were very
similar between diets at high food concentrations. Thus, it appears that S. rassoulzadegani
can make better use of Tetraselmis chloroplasts, growing more autotrophically at low
food concentrations, but relies more on heterotrophic growth at high concentrations.
Strombidium rassoulzadegani cannot be maintained in the dark on Tetraselmis or
Rhodomonas. However, S rassoulzadegani can grow slowly when fed a dinoflagellate in
the dark (McManus et al. 2012). This suggests that the ciliate is an obligate mixotroph
when feeding on these two algae, and that when autotrophy is not possible there is some
cost associated with retaining plastids that outstrips the nutritional value of the rest of the
cell.

The constant GGE of the ciliate at different concentrations of Rhodomonas is
similar to what has been seen in heterotrophic ciliates (Verity 1985). This suggests that
that S. rassoulzadegani with Rhodomonas-derived plastids is autotrophic enough to
overcome the cost of sequestering the cryptophyte plastids in the light, but not subsidize
growth when there is little food available.
The sharp increase in GGE at low food concentration with the Tetraselmis diet
suggests that the ciliate is mainly autotrophic at low algal food concentrations, feeding
mainly to replace chloroplasts. At high food concentrations, GGE on Tetraselmis is similar
to that on Rhodomonas, suggesting either an increased importance of heterotrophy or
“luxury” consumption of Tetraselmis, perhaps, to maintain fresh plastids. Digestion of
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sequestered plastids has rarely been observed in oligotrichs (Laval-Peuto & Febvre 1986)
so the increased supply of chloroplasts at high feeding rates may require egestion of older
plastids.
Except for the differences in GGE, growth and grazing were broadly similar for
both foods. This is surprising, considering the divergent phylogenetic origins of the two
algae. Chlorophytes are thought to have resulted from a primary endosymbiosis with a
photosynthetic prokaryote, while cryptophytes derived from a secondary symbiosis
between eukaryotes (Gould et al. 2008). It should be expected that gene loss or transfer
from green chloroplasts to host nuclei would not be the same as that from red
chloroplasts (Dyall et al. 2004), and one might then predict that the two kinds of
chloroplasts would not be equally independent or capable of “enslavement” by the ciliate.
To some extent, my data support this idea. Tetraselmis chloroplasts are clearly a primary
source of energy to the ciliates, allowing rapid growth even at very low food levels,
whereas feeding on Rhodomonas results in GGEs no different from heterotrophic growth.
Observations on the uptake and cycling of inorganic carbon are necessary to fully resolve
the roles of the two kinds of chloroplasts in ciliate metabolism and growth.
Mixotrophic ciliates like Mesodinium and Stentor can be important contributors to
total primary production when they are found in high abundance (Smith & Barber 1979,
Wilkerson & Grunseich 1990, Sanders 1995, Laybourn-Parry et al. 1997, Herfort 2012).
Strombidium rassoulzadegani may contribute similarly in the tide pools where it is found.
Switching between mostly autotrophic and heterotrophic growth may allow this ciliate to
maintain high growth rates when faced with changes in the availability of algal food.
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Chapter 3
Mixotrophic Carbon Uptake: Comparison of Grazing and Direct Inorganic Uptake
in a Kleptoplastidic Ciliate
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Abstract
By contributing to primary productivity when algae are less abundant, ciliate
mixotrophs may be an important food source for higher trophic levels (Sherr et al. 1986).
In this study I measured gross growth efficiency (GGE) of Strombidium rassoulzadegani, a
kleptoplastidic ciliate mixotroph and Strombidinopsis sp., a heterotroph, across a range of
algal food concentrations. I also measured inorganic carbon uptake in both ciliates after
acclimation at different algal food concentrations, and used a pulse chase experiment to
explore the fate of the inorganic carbon taken up by the mixotroph. I found that values of
GGE for the mixotrophic ciliate increased sharply at low food concentration, but more
closely resembled those of the heterotroph at higher algal food concentrations.
Strombidinopsis GGE was generally lower and constant with food concentration. There
was no effect of algal food concentration on the inorganic carbon uptake in the
mixotrophic ciliate. However, I did see an increase of inorganic uptake with an increase in
food in the heterotroph. This was due to the presence of previously ingested whole algal
cells inside food vacuoles at the beginning of the uptake experiment. Pulse chase results
suggest that most of the inorganic uptake in the mixotroph is respired. When I
recalculated growth efficiencies to account for inorganic carbon uptake I found that
inorganic uptake did not have a strong effect on Strombidinopsis growth efficiency.
However, inorganic carbon became a large proportion of the total carbon uptake (up to
16%), and had an impact on growth efficiency in the mixotroph at low algal food
concentrations.
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Introduction
Mixotrophic ciliates are surprisingly common (Stoecker et al. 1987); they can make
up as much as 92% of the oligotrichs present (Stoecker et al. 1987, Dolan & Pérez 2000,
Woelfl & Geller 2002). Mixotrophs use both heterotrophic and autotrophic nutritional
strategies. Mixotrophic protists have been hypothesized to stabilize food webs (Stoecker
1998, Tittel et al. 2003), and enhance their productivity (Ptacnik et al. 2004). These
ecosystem effects are a result of the mixotrophs varying their carbon uptake between
autotrophy and heterotrophy. The result of this can be more consistency in terms of food
quantity and quality for other trophic levels under variable light and nutrient conditions
(Katechakis et al. 2005). The ability to gain a subsidy from inorganic uptake may also allow
a mixotroph to survive periods of starvation (McManus et al. 2012, Schoener & McManus
2012, Stoecker et al. 1988).
Gross growth efficiency (GGE) is a useful parameter for comparing the difference
between heterotrophic and mixotrophic organisms. GGE is the percent of ingested
material that becomes biomass (Straile 1997). GGEs for heterotrophic ciliates range
between 0.03 and 0.76 (Verity 1985). However, mixotrophic ciliates can have GGEs
between 0.1 and 11 (Johnson 2005), these higher GGEs are hypothesized to be the result
of the autotrophic subsidy these ciliates receive (Laybourn 1976, reviewed in Caron et al.
1990). For example, the mixotrophic ciliates Mesodinium rubrum and Stentor coeruleus
can have GGEs as high 11.36 as and 0.82, respectively (Laybourn 1976, Johnson &
Stoecker 2005). Heterotrophic examples include Favella sp. which had GGEs between 0.21
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and 0.69 when fed Heterocapsa triquetra (Stoecker & Evans 1985), and Strombidium sp.
which ranged from 0.05 to 0.11 when fed Pavlova lutheri (=Diacronema lutheri) (Scott
1985).
We can also assess the subsidy mixotrophs receive from photosynthesis by directly
measuring inorganic carbon uptake. Mixotrophic photosynthesis can contribute
significantly to the total primary production. Stentor coeruleus can account for up to 69 %
of the total primary production in an Australian lake (Laybourn-Parry et al. 1997) and
Mesodinium rubrum can contribute as much as 73% of the total primary production when
it is most abundant (Stoecker et al. 1991, Sanders 1995). In this study I examined how
Strombidium rassoulzadegani GGEs compared to those of the heterotrophic oligotrich
Strombidinopsis sp. Also, a pulse chase experiment was carried out to determine the fate
of the inorganic carbon taken up by the mixotrophic ciliate. I compared growth and
ingestion rates and 14C-bicarbonate uptake in both ciliates to measure to extent of the
autotrophic subsidy that the mixotroph receives.

Methods
Cultures
We used two ciliates that were isolated from Long Island Sound (LIS): the
kleptoplastidic ciliate Strombidium rassoulzadegani, and the heterotrophic choreotrich
Strombidinopsis sp. Strombidium rassoulzadegani was maintained on the chlorophyte
Tetraselmis chui, at 19 oC, and 12:12 light cycle at 100 µmol photons m-2 s-1 in f/2 filtered
sea water (FSW) at a salinity of 30 ppt. Strombidinopsis sp. was maintained in f/20 FSW
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on the dinoflagellate Heterocapsa triquetra, under similar light and temperature
conditions as S. rassoulzadegani.
To determine ciliate chlorophyll content, S. rassoulzadegani cells were grown to
high concentrations on a diet of Tetraselmis chui at food concentrations that were
saturating for growth. I then separated the ciliates from their food. This was accomplished
by placing the culture in a volumetric flask, and filling the flask to the bottom of the neck
with 30 ppt FSW. The rest of the neck was then filled with 28 ppt FSW. The bowl of the
flask was then covered with black paper and a light was focused at the top of the neck.
Strombidium rassoulzadegani is strongly phototactic and thus was quickly concentrated at
the top of the neck of the flask. The density difference between the 28 ppt FSW in the
neck and 30 ppt FSW in the bowl helped prevent mixing. The ciliates were removed from
the neck of the flask and subsamples fixed with Lugol’s iodine were counted to estimate
their abundance. The food organisms were less than 1 per ml (about 0.01 % of ciliate
biomass). Ciliates were then collected on glass fiber filters. GF/Fs were extracted
overnight in 90% acetone. I measured fluorescence with a Turner Designs fluorometer
and chlorophyll content was calculated as in Arar et al. (1997).
Carbon content for Strombidium rassoulzadegani, Strombidinopsis sp., Tetraselmis
chui and Heterocapsa triquetra was calculated from volume to carbon relationships
developed by Menden-Deuer & Lessard (2000). For purposes of calculating cellular
volumes Strombidium rassoulzadegani was assumed to be a cone topped with half a
sphere, Strombidinopsis sp. was treated as a cone. Both algae were assumed to be prolate
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spheroids. I measured approximately 10 cells of each organism to calculate the average
volume of each species.

Growth, ingestion and GGE
Growth and ingestion rates were measured for both ciliates with respect to food
concentrations and from these rates I estimated gross growth efficiencies (GGE).
Ingestion rates were obtained by comparing the growth rates of the algal food in
treatments with and without ciliate grazers present. Rates were calculated using
equations of Frost (1972) as modified by Heinbokel (1978) in units of per day. Growth
conditions for these experiments were the same they were for culture maintenance.
Strombidium rassoulzadegani and Strombidinopsis sp. cells were acclimated at
each food concentration (concentrations ranged from 102-105 cells ml-1) for 24 hours prior
to the experiment. Algal prey concentrations were chosen to represent a range of
saturated and unsaturated conditions based on preliminary experiments. After
acclimation, 15 ciliates were placed in triplicate 10 ml wells within hanging cell culture
inserts (Millipore 6 well Millicell, Catalogue number PIEP30R48) with equal initial
concentrations of algae inside and outside of the inserts. An 8µm pore size filter on the
bottom of the insert allowed media to pass through but not ciliates or algae. Preliminary
experiments suggested that the increase in algal growth rates under grazing due to
remineralization of nutrients by the ciliates could be significant for Tetraselmis grown in
the presence of S. rassoulzadegani.

45

After three days the contents of the wells were fixed with Lugol’s acidic iodine,
and ciliates and algae were counted. I fit the growth and ingestion response curves to a
Michaelis-Menten equation using the R environment for statistical computing.
(Montagnes 1996, Fox & Weisberg 2011, R Development Core Team 2012). I used ciliate
and algal carbon content to convert algae ingested per ciliate to a specific ingestion rate
(IR, units of day-1) so that I could compare ingestion rates with specific growth rates and
specific inorganic carbon uptake rates.
We compared growth and ingestion curves for the two ciliates using an extra-sumof-squares F-test. The extra sum of squares F-test was used to determine if the best fit
was one curve for the combined data sets or if separate curves for each ciliate resulted in
significantly lower variance. The null hypothesis for this test is that a single curve best fits
both data sets (Motulsky & Ransnas 1987). I also compared the three Michaelis-Menten
parameters (maximum ingestion or growth, half-saturation constant, and threshold
feeding concentration) for significant difference between ciliates for both growth and
ingestion data. To do this, I constrained each parameter, in turn, to be equal between the
two ciliates and used an F-test to determine if there was a significant change in the sumof-squares for the regression, compared to the unconstrained model. For example, I
constrained the maximum ingestion rate (VmaxIR) for Strombidinopsis sp. to be equal to
that of Strombidium rassoulzadegani. I then compared the sum of squares for the
resulting regression to that of the regression with the parameters free to vary (Motulsky
& Ransnas 1987). GGE was calculated as specific growth rate divided by specific ingestion
rate.
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Inorganic carbon uptake
Carbon uptake rates were measured using 14C-bicarbonate as a tracer (Rivkin &
Seliger 1981, Putt 1990a, Stoecker & Michaels 1991, Skovgaard et al. 2000). Ciliates were
preacclimated at a range of algal food concentrations above and below levels saturating
for growth. Twenty ciliates were placed into 0.25 ml FSW in each of six 20 ml scintillation
vials; 0.25 ml of NaH14CO3 spiked FSW was added for a target activity of 0.5 µCi ml-1.
Actual activity was measured by taking 100 µl samples and adding 200 µl of
phenylethamine, an organic base. Phenylethamine samples received 10ml liquid
scintillation fluid and their activity was measured on a liquid scintillation counter (LSC).
Experimental treatments were incubated in the light (100 umol photons m-2 s-1) or the
dark for four hours. Treatment vials were then acidified and dried down to remove excess
inorganic carbon, leaving behind the carbon fixed by the ciliates (Skovgaard et al. 2000).
After they were dry, samples were re-suspended in 0.5ml deionized water, 10ml
scintillation fluid was added, and 14C activity was measured by a Packard Tricarb 3100TR
LSC. Total inorganic carbon available was determined as in Parson et al. (1984). Specific
incorporation rates were calculated as (units of d-1) to be comparable with growth rates.
Uptake rates were calculated as in Parsons et al. (1984) assuming a 12:12 hour light: dark
cycle.
Comparisons among multiple uptake rates were performed with a one way
ANOVA followed by a Holm-Sidak multiple comparison; comparisons between pairs of
means were performed with Student’s t-test. All statistics were performed using the R
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environment for statistical computing. (Fox & Weisberg 2011, R Development Core Team
2012).

Pulse chase
To determine if S. rassoulzadegani recycles inorganic carbon from respiration to
photosynthesis, I conducted a pulse chase experiments, allowing the ciliates to
accumulate 14C and then separating them from the activity source. Strombidium
rassoulzadegani was first grown to high abundance with saturating concentrations of algal
food, and was then separated from the algae by using the ciliate’s phototaxis as in the
chlorophyll analysis. Algae-free cultures of Strombidium rassoulzadegani were spiked
with 14C-bicarbonate to a final activity of approximately 0.1 µCi ml-1. Ciliates were allowed
to accumulate activity for 8 hours, and then were separated from the activity using their
phototaxic behavior. The activity in the medium after this treatment was < 0.001 µCi ml-1.
Ciliates were then split into light and dark treatments and monitored for changes in 14C
over 6 hours. Because ciliates in the dark treatment cannot recycle respired 14CO2 into
photosynthesis, comparison of the light and dark loss rates indicates the degree of
recycling in the light.
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Results
Cultures
Chlorophyll content in Strombidium rassoulzadegani was 136.5 pg cell-1 (SD =
18.97 pg cell-1). Its algal food, Tetraselmis, contained 1.33 pg Chla cell-1 (SD = 0.72 pg cell-1)
and the dinoflagellate food of the heterotroph Strombidinopsis sp., Heterocapsa triquetra,
contained 26 pg Chla cell-1(SD = 2.5 pg cell-1) (Table 3.2).
Carbon content was estimated using carbon to volume relationships developed by
Menden-Deuer & Lessard (2000). Strombidium rassoulzadegani had an average volume
of 33510 µm3 and an average carbon content of 6512 pgC cell-1. Strombidinopsis sp. had
an average volume of 63157 µm3 and carbon content of 12151 pgC cell-1. Heterocapsa
triquetra had an average volume of 8642 µm3 and a carbon content of 1075 pgC cell-1. The
average volume of Tetraselmis chui was 782 µm3 and the carbon content was 112.62 pgC
cell-1(Table 3.2).

Growth, ingestion and GGE
Numerical response curves of the mixotrophic ciliate Strombidium rassoulzadegani
and the heterotrophic ciliate Strombidinopsis sp. differed significantly (Figure 3.1). I found
in an extra-sum-of-squares F-test that two separate models fit the data sets better than a
single model (p < 0.001). Maximum growth rates (Vmaxµ) were also significantly different,
but the food concentrations at which growth was half its maximum growth rate (Kmµ)
were not significantly different between the two ciliates (p = 0.057). The threshold food
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concentrations under which there was no growth (Tµ) were indistinguishable from zero for
both ciliates. (Table 3.1).
The functional response curves (ingestion rate vs. food concentration) were quite
different for the two ciliates. In an extra-sum-of-squares f-test, two separate models fit
the two data sets better than one (p < 0.001). I found significant differences in maximum
ingestion rates (VmaxIR) and half saturation constants (KmIR) as well, with both being
higher for the mixotrophic ciliate. Threshold food concentrations were not significantly
different (p = 0.41) (Figure 3.2 and Table 3.1).
Gross growth efficiencies (GGE) for Strombidinopsis sp. ranged from 0.10 to 0.30,
while those for Strombidium rassoulzadegani were between 0.1.and 1.08. GGE increased
very sharply, even exceeding a value of 1, for S. rassoulzadegani at low food
concentrations (Figure 3.3).
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Figure 3.1 Ciliate growth rates vs. food concentration. The ciliates have significantly
different maximum µ (Strombidinopsis sp. = 1.29 d-1 : SE = 0.13 , S. rassoulzadegani = 1.41
d-1 : SE = 0.14, p = 0011) and half saturation constants for growth (Strombidinopsis sp. =
256.45 µgC L-1: SE = 58.90, S. rassoulzadegani = 143.63 µgC L-1 : SE = 47.12, p = 0.53). The
threshold algal food concentration under which I see no growth was 0 µgC L-1 for both
ciliates (p = 1), α = 0.05.
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Figure 3.2 Strombidinopsis sp. and S. rassoulzadegani Ingestion rates (IR) when presented
with a range of algal food concentrations expressed as µgC L-1. Ciliates had different
maximum IRs (Strombidinopsis sp. = 9.59 d-1, SE = 1.07d-1, S. rassoulzadegani = 23.7 d-1,
SE = 1.16 d-1, p <0.001) and half saturation constants for ingestion (KmIR) (Strombidinopsis
sp. = 2465 µgC L-1 SE = 344, S. rassoulzadegani = 442 µgC L-1, SE = 72 p < 0.001). The
threshold algal food concentration under which I see no ingestion was 65.6 µgC L-1, SE =
45 for S. rassoulzadegani, and 18.45 µgC L-1, SE = 25.8 for Strombidinopsis sp. and were
not significantly different (p = 0.41) when α = 0.05.
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Table 3.1 Parameter estimates for Michaelis-Menten curve fits (Figures 1 and 2). Values
in parentheses are standard errors of the parameter estimate. Values marked with an *
were found to be significantly different from zero at α = 0.05. The p-values listed (column
p) are from extra-sum-of-squares F-tests to determine if two separate parameter
estimates produce a better fit than one.

Overall Fit µ
Vmaxµ (d-1)
Kmµ (µgC L-1)
Tµ (µgC L-1)

S. rassoulzadegani
-1.41* (0.14)
144* (47.12)
0 (48)

Strombidinopsis
-1.29* (0.13)
256* (58.90)
0 (33)

p
<0.001
0.011
0.057
1

Overall Fit IR
VmaxIR (d-1)
KmIR (µgC L-1)
TIR (µgC L-1)

-24* (1.16)
2465* (344)
66 (45)

-9.6* (1.07)
442* (72)
18 (26)

<0.001
<0.001
<0.001
0.41
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Figure 3.3 Strombidinopsis sp. and S. rassoulzadegani gross growth efficiencies (GGE)
when presented with algal food concentrations (µgC L-1). GGEs for S. rassoulzadegani
were impossibly high (>1) at low food concentrations. However, Strombidinopsis sp. GGEs
were all between 0.1 and 0.32.
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Inorganic carbon uptake
Inorganic carbon uptake was measured in ciliates that had been previously
acclimated at different food concentrations. I found no significant difference in uptake
rates for Strombidium rassoulzadegani (Figure 3.4).
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Figure 3.4 Strombidium rassoulzadegani specific carbon uptake rates after being
acclimated at various algal food concentrations. Bars are means with standard error.
There was no significant difference between treatments in a one way ANOVA followed by
Holm-Sidak multiple comparison (p = 0.294).

For the two algal food concentrations tested, Strombidinopsis had a significantly
higher inorganic uptake at the higher food concentration. I observed whole individual
Heterocapsa triquetra inside the Strombidinopsis cells that were acclimated at the higher
food concentration when they were transferred to the scintillation vials prior to
incubation. Photosynthesis carried out by intact algal cells inside the ciliate could explain
this difference in uptake.
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Figure 3.5 Strombidinopsis specific carbon uptake rates after being acclimated at two
different algal food concentrations. Bars are means with standard error. Treatments were
found to be significantly different in a t-test (p = 0.026).

Total Growth Efficiency
We define total growth efficiency (TGE) as the proportion of the total carbon
uptake (ingestion and inorganic) that results in new biomass. TGE was calculated as
growth rate ÷ (ingestion rate + inorganic carbon uptake). To examine the scale of the
subsidy the ciliates received through inorganic carbon uptake I then compared GGE and
TGE (Figures 3.6 and 3.7). None of the algal food concentrations used in the ingestion and
growth rate measurements exactly matched the algal food concentrations at which the
ciliates were acclimated before the 14C-bicarbonate uptake experiments, so I used growth
and ingestion rates calculated from the Michaelis-Menten curves.
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When I compared TGE to GGE I saw the largest difference in growth efficiency in
Strombidium rassoulzadegani at the lowest food concentration. The impact of inorganic
carbon uptake on the growth efficiency is small for S. rassoulzadegani at the higher algal
food concentrations (Figure 3.6). The differences between TGEs and GGEs for
Strombidinopsis sp. were negligible at both algal food concentrations that were tested
(Figure 3.7) in large part because the inorganic uptake was very small (Figure 3.5)
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Figure 3.6 Strombidium rassoulzadegani GGE’s (ingestion only) using calculated ingestion
and growth rates from the Michaelis-Menten curves, compared to TGE’s which includes
ingestion and inorganic uptake. Bars are means with standard error.
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Figure 3.7 Strombidinopsis sp. GGE’s (ingestion only) using calculated ingestion and
growth rates from the Michaelis-Menten curves, compared to TGE’s which includes
ingestion and inorganic uptake. Bars are means with standard error.

Pulse chase
After an initial period where S. rassoulzadegani was exposed to 14C-bicarbonate,
they were separated from the activity and split into light and dark treatments to examine
whether the ciliates retained, excreted or recycled inorganic carbon. During the initial
incubation where ciliates were allowed to accumulate activity I saw a maximum activity of
0.30 pCi per cell. After S. rassoulzadegani was removed from 14C, the activity per cell
declined but there was no difference between light and dark treatments. When an
exponential decay curve was fit to the data the decline was 0.036 pCi h-1 for the combined
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light and dark data. I also fit two hypothetical exponential decay curves representing the
loss rate if S. rassoulzadegani respires 0.20 and 0.80 of their inorganic uptake (Figure 3.8).

Figure 3.8 Pulse chase experiment where Strombidium rassoulzadegani was allowed to
incorporate 14C for 8 hours and then was separated from the radioactive carbon.
Repeated measures on ranks found no significant effect of light vs. dark p =0 .781. While
there does appear to be a decrease in activity per cell after 10 hours, when I fit an
exponential decay curve to the data the slope was not significant (p = 0.075). The solid
line is a best fit exponential decay curve. The dotted line is it the hypothetical exponential
decay curve if the ciliate respires 0.80 of its photosynthate per day, the dashed line is the
hypothetical exponential decay curve if the ciliate respires 0.20 of its photosynthate per
day.
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Discussion
The numerical responses of both ciliates examined here were generally similar
with the heterotrophic ciliate having slightly lower maximum growth rate, but statistically
equivalent half saturation constant (Figure 3.1 & Table 3.1). However, I did see dramatic
differences in functional responses. The mixotrophic ciliate’s ingestion rate was lower
than the heterotroph’s at the low food concentration and higher at the higher algal food
concentrations; maximum ingestion and the half saturation constant for the mixotroph
were both higher than that of the heterotroph (Figure 3.2 & Table 3.1). The mixotrophic
ciliate Strombidium rassoulzadegani is ingesting much more carbon than is needed for
growth at high food concentrations, this suggests either luxury ingestion or that the
mixotroph is ingesting algae not to obtain carbon but to obtain plastids. The differences
found in the ingestion rates of these ciliates are reflected in their GGEs. The mixotrophic
ciliate had much higher GGEs at low food concentrations and lower GGEs at high algal
food concentrations. Again, the mixotroph is either participating in luxury ingestion or
mainly eating to gain new plastids. Using the maximum ingestion rate for S.
rassoulzadegani, the carbon and Chla contents for Tetraselmis and the ciliate, I estimate
that the ciliate ingests 8.7 pgChla for each ciliate pgChla per day. Previous work has
shown that S. rassoulzadegani can replace Rhodomonas derived plastids with Tetraselmis
derived plastids in about 48 hours (Schoener & McManus 2012); to do this the ciliate only
has to ingest 0.5 pgChla per ciliate pgChla per day. The implication is that the ciliate is
ingesting cells at a rate much faster than required, given its growth efficiency and
chloroplast turnover rate. It is thus likely that it continues to ingest new cells at a high rate
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to ensure it always has a supply of the freshest chloroplasts on hand to replenish its
photosynthetic apparatus. Strombidium rassoulzadegani does not discriminate among
algae in terms of ingestion, but is capable of choosing which plastids it incorporates
(Schoener & McManus 2012). Rather than ingesting excess algae for luxury carbon uptake
S. rassoulzadegani may be ingesting excess algae to find and select the most suitable
plastids. I did not see any effect of algal food concentration on inorganic carbon uptake;
this could be because even at low algal food concentrations the ciliate may be able to
choose the most active plastids for retention.
There was no change in Strombidium rassoulzadegani inorganic carbon uptake
with food concentration. This suggests that the ciliate does not have any physiological
control over the plastids beyond retaining them. Overall, S. rassoulzadegani inorganic
carbon uptake was similar to other mixotrophic ciliates. Inorganic uptake ranged from
0.08 to 0.11 d-1, this is similar to what has been found in other mixotrophic Strombidium
species. For example, Stoecker et al (1989) found that Strombidium chlorophilium had an
uptake rate of 0.16 d-1, but S. capitatum uptake was much lower at 0.08 d-1. Strombidium
rassoulzadegani had lower chlorophyll specific uptake than S. conicum or S. capitatum
(Table 3.2), but very similar cell specific uptake rates. In comparison, the kleptoplastidic
oligotrich Laboea strobila seems to have highly variable uptake ranging from 0.025 to 0.85
d-1 (Stoecker et al. 1988, Putt 1990a) (Table 3.2).
Surprisingly, I did see a significant impact of algal food concentration on inorganic
uptake in the heterotrophic ciliate Strombidinopsis sp. I did observe whole dinoflagellate
cells within the ciliate. Another study has found a similar effect in the ciliates associated
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with brown band disease in coral; the coral’s zooxanthellae were still actively
photosynthesizing within the ciliate (Ulstrup et al. 2007). In the present study, the
heterotrophic ciliate’s maximum inorganic uptake rate (0.03d-1) was similar to that of the
mixotrophic ciliate Strombidium capitatum (0.04d-1) (Stoecker et al. 1989). To compare
inorganic uptake with ingestion in the heterotroph, consider that the maximum ingestion
rate for Strombidinopsis sp. was 9.6 d-1; this is equal to 4.84 ngC per ciliate per hour. The
cell specific inorganic carbon uptake rate of 33 pgC per hour for Strombidinopsis sp. is the
same as about 6.6 H. triquetra cells or 7.06 ngC at 1.075 ngC per H. triquetra. If the
digestion rate is equal to the maximum ingestion rate, these cells would be digested in
about 1 hour, 28 min, and presumably these chloroplasts would cease to function long
before that. Therefore, Strombidinopsis would quickly lose its ability to gain any additional
benefit from the photosynthesis of its algal prey. When Strombidinopsis encounters
limiting algal food concentrations it would not be able to sustain its self with the
photosynthate of the algae for very long. If algal concentrations are high, and
heterotrophic ciliates are abundant, photosynthesis of ingested algae could have some
impact on total primary production. However, because this would require the
heterotroph to nearly always possess undigested cells, and so, be food saturated for
ingestion.
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When I calculated TGE by including inorganic uptake in GGE, I found that the
heterotroph inorganic uptake had no effect on growth efficiency. In the mixotrophic
ciliate, when I compared GGE and TGE I found that as I reduced the algal food
concentration TGE and GGE diverged. Even though there was no difference in the
inorganic carbon uptake rate, its relative importance increased as the food concentration
decreased. The maximum TGE was 0.78 this is still slightly higher than that of Tetraselmis
which in this study was 0.6.
In the pulse chase experiments, I did not see a significant difference between light
and dark treatments. Therefore, S. rassoulzadegani is not likely to reuse its own carbon
waste. If I can assume that all carbon that does not go to growth is excreted as waste,
then about 22% of the total uptake should be excreted at the lowest algal food
concentration. In figure 3.8 I included a hypothetical exponential decay curve that reflects
the rate at which the ciliate would lose radio label if all carbon that was taken up was
respired equally at 0.20 of uptake per day, and a hypothetical response curve for the
scenario of 0.80 respired per day if the ciliate only kept 0.20 of its inorganic uptake and
respired the rest. The best fit exponential decay curve more closely resembles that of the
0.8 respiration scenario (Figure 3.6). This agrees well with previous work by Putt (1990)
that showed most of Laboea strobila photosynthate going to sugars, which get respired,
with only about 0.22 of the ciliate’s photosynthate going into structural elements.
Phytoplankton is not evenly distributed in time or space (Cassie 1963).
Strombidinopsis sp. is a planktonic ciliate that was isolated from Long Island Sound an
environment with patchy food availability. Strombidium rassoulzadegani is mostly found
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in rocky tide pools where it has been shown to prey and the flagellated reproductive cells
of the macroalga Ulva (McManus et al. 2004). Ulva reproductive events are cyclical and
closely tied to the lunar cycle (Pringle 1986). Thus, both ciliates could find themselves in
situations where algal food is scarce. The subsidy that S. rassoulzadegani receives from its
“stolen” plastids could allow it to survive these lean times, but Strombidinopsis sp. would
not get a subsidy at low food concentrations. Furthermore, mixotrophic ciliates like S.
rassoulzadegani may serve as food for higher trophic levels when algae are less abundant.
The propensity of S. rassoulzadegani to consume larger amounts of algae even when they
are saturated for growth and the carbon subsidy received through photosynthesis may
allow them to outcompete other ciliates.
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Chapter 4
Comparison of Grazing and Inorganic Nitrogen Uptake in a Mixotrophic and a
Heterotrophic Ciliate: Is the Kleptoplastidic ciliate Strombidium rassoulzadegani a
Source or Sink of Inorganic Nitrogen?
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Abstract
Mixotrophs are thought to stabilize food webs by keeping algal abundance low
through competition for nutrients and direct grazing. If this is true then mixotrophs and
heterotrophs should have very different inorganic uptake and grazing needs in terms of
nitrogen. I tested this hypothesis by comparing the growth, grazing and inorganic
nitrogen uptake rates of the kleptoplastidic ciliate Strombidium rassoulzadegani and the
heterotrophic ciliate Strombidinopsis sp. I used these rates to calculate growth efficiencies
with and without inorganic uptake included. I found that growth efficiencies for both
ciliates were below one; this suggests that both the mixotroph and heterotroph could
obtain all the nitrogen they need from their diet. Furthermore, the inclusion of inorganic
nitrogen uptake did not have a large impact on those growth efficiencies. Maximum
grazing rates were much higher for the mixotroph. This suggests that any control of algal
population by S. rassoulzadegani is through grazing not through competition for inorganic
nitrogen. While maximum ammonium uptake was similar, algal food concentration
seemed to affect uptake in the mixotroph but not the heterotroph. This led us to
hypothesize that the two ciliates were using different mechanisms to incorporate
ammonium. However, data from inhibition experiments suggest that here too there is
little difference between the mixotroph and heterotroph. This difference in the uptake of
ammonium between the two ciliates in relation to the algal food concentration may arise
from differences in whether the organism treats ammonium as a nutrient or a toxin.
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Introduction
The use of nitrogen by mixotrophic ciliates has been documented. Wilkerson &
Grunseich (1990) showed that the litosome ciliate Mesodinium rubrum, which retains
plastids and other organelles from its algal prey, can take up ammonium and nitrate from
solution. Paramecium bursaria, a ciliate that harbors an endosymbiotic alga can take up
ammonium when the algal endosymbiont is present, and releases ammonium when it is
absent (Albers et al. 1982). However, Dolan (1997) found no difference in ammonium
excretion rates between mixotrophs and heterotrophs. The question of whether
mixotrophic ciliates are net remineralizers of nitrogen and thus competing with algae for
inorganic nitrogen remains unsettled.
In this study, I addressed two hypotheses:
Hypothesis 1: Unlike heterotrophs, which release mineralized N from digested
food, mixotrophs remove inorganic N from the environment. To test this hypothesis, I
compared inorganic nitrogen uptake (ammonium and nitrate) of the kleptoplastidic ciliate
Strombidium rassoulzadegani to that of the heterotrophic ciliate Strombidinopsis sp. I also
measured growth and grazing in these ciliates, and used these rates to examine how
inorganic N uptake impacts gross growth efficiency (GGE).
In preliminary experiments as well as those presented here, algal food
concentration influenced ammonium uptake in the mixotrophic ciliate S. rassoulzadegani,
but not in the heterotrophic Strombidinopsis sp. This led to the second hypothesis.
Hypothesis 2: these two ciliates use different mechanisms to incorporate
ammonium, with the mixotroph using the ATP-dependent glutamine synthetase (GS)
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pathway, and the heterotrophic ciliate primarily using the NADPH-dependent glutamate
dehydrogenase (GDH) pathway (Yuan et al. 2009). However, because the GS pathway is
ATP dependent it is more likely to couple carbon and nitrogen uptake. To test this
hypothesis, I treated both ciliates with a permanent inhibitor of the GS pathway
methionine sulfoximine (MSX) (Ronzio et al. 1969). If the mixotroph were using the GS
pathway and the heterotroph the GDH pathway, then MSX should inhibit ammonium
uptake in the mixotroph but not in the heterotroph.

Materials and Methods
Cultures
The heterotrophic ciliate Strombidinopsis sp. was isolated from Long Island Sound
(LIS) and was maintained at 19 oC, and a 12:12 light:dark cycle at 100 µmol photons m-2 s-1.
Strombidinopsis sp. was kept on a diet of either Rhodomonas lens or Heterocapsa
triquetra in f/20 medium. Strombidium rassoulzadegani was also isolated from LIS and
maintained on a diet of Tetraselmis chui in f/2 medium under similar light and
temperature conditions to Strombidinopsis sp. Nitrogen content of the algae was
estimated using volume to nitrogen content relationships developed by Verity et al.
(1992) and Menden-Deuer & Lessard (2000). Strombidinopsis sp. nitrogen content was
taken from a previous study (Siuda & Dam 2010). Strombidium rassoulzadegani nitrogen
content was measured using a Fisons Instruments Elemental Analyzer, following the
method used by Siuda & Dam (2010).
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Growth and Grazing:
In order to compare growth and ingestion rates I measured numerical (growth)
and functional (ingestion) responses of the ciliates with respect to food concentration.
Rates were calculated using equations developed by Frost (1972) and modified to account
for the growth rate of the grazers by Heinbokel (1978). The ciliates were first acclimated
on a range of algal food concentrations (102-105 cells ml-1). Then 10-15 ciliates were
placed in triplicate 10 ml wells within hanging cell culture inserts (Millipore 6 well Millicell,
Catalogue number PIEP30R48) with equal initial concentrations of algae inside and
outside of the inserts. An 8µm pore size filter on the bottom of the insert allowed media
to pass through but not ciliates or algae. After 72 hours, all wells were fixed with acidic
Lugol’s Iodine and counted on an inverted microscope. Experiments were run in triplicate,
numerical and functional response curves were then fitted to a Michaelis-Menten
equation that incorporates a threshold (the x-intercept is the concentration at which
growth or grazing is zero) using Sigma Plot 11 (Montagnes 1996).
The Millipore well inserts were used for the growth and grazing experiments with
S. rassoulzadegani because preliminary experiments suggested that an increase in algal
growth rates under grazing, due to remineralization of nutrients by the ciliates, could be
significant for Tetraselmis grown in the presence of S. rassoulzadegani. I did not use the
inserts for the growth and grazing experiments with Strombidinopsis sp. because it was
fed the slower growing alga Heterocapsa triquetra. The slower growth rate meant that
any effect of the remineralization of nutrients on growth rate would be less likely to
significantly increase algal growth rate.
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Nitrogen uptake
15N-ammonium

and 15N-nitrate were used as tracers to measure inorganic

nitrogen uptake. 15N uptake was measured in ciliates in the light and the dark in the
absence of algal food. One day prior to the uptake experiment, ciliates were acclimated at
food concentrations that were saturating or subsaturating for growth. The day of the
experiment, the ciliates were separated from the algae by a repeated dilution with
autoclaved filtered seawater followed by reverse filtration through a mesh large enough
to allow the algae but not the ciliate to pass through (20 µm). Cycles of dilution and
reverse filtration were continued until there remained less than one algal cell ml-1, or
<0.001% of the biomass in the bottles. In preliminary experiments, controls showed that
at these concentrations the residual algae could account for 0.005 % of ammonium and
0.008 % of nitrate uptake measured.
Initial samples were taken, particulates collected on pre-ashed GF/C filters and the
filtrate was kept to measure the initial dissolved inorganic nitrogen concentration. 15Nnitrogen in the form of ammonium or nitrate was added at a concentration of 100µM to
filtered sea water controls without algae or ciliates, algal controls at 1x104 cells ml-1, and
the algae free ciliates. These were split into three 100ml replicates per treatment.
Experiments were placed in an incubator at 19 oC for six hours. Light treatments were 100
µmol photons m-2 s-1, and dark treatments were in the same incubator but covered so
that they would not be exposed to the light. After incubation, particulates were collected
on pre-ashed GF/C filters and 20ml of filtrate was collected in a liquid scintillation vial. 15N
atom% was measured by isotope ratio mass spectrometer located either at the UC Davis
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core isotope facility, or at the University of Maryland Horn Point Laboratory. Nitrate and
ammonium in the filtrate was measured using the SmartChem wet chemistry system.
Uptake rates (V) were calculated as in Dugdale & Wilkerson (1986). Saturating algal food
concentrations were 828 µgN L -1 for the mixotroph and 807 µgN L -1 for the heterotroph.
Subsaturating algal food concentrations were 46 µgN L -1 for the mixotrophic ciliate and
77 µgN L -1 for the heterotrophic ciliate (Figure 4.1). The equation used (Equation 4.1)
does not account for dilution of the isotope, and so the uptake rates obtained may be an
underestimate.

Figure 4.1 Schematic for 15N-Nitrogen uptake experiments.
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Equation 4.1 Inorganic nitrogen uptake rate

=

% 
%

%
% 

Where V is the uptake rate in unit of per day, and a%t end is the atom percent of the
sample at the end of the experiment, a% t0 is the atom percent of the initial sample, and
a%enr is the atom percent of the enrichment.

Inhibition experiments
To determine if the mixotrophic Strombidium rassoulzadegani and heterotrophic
Strombidinopsis sp. used the glutamine synthetase (GS) pathway I used an inhibitor,
Methionine sulfoximine (MSX), to block the GS pathway (Ronzio et al. 1969, Platt &
Anthon 1981, Ahmad & Hellebust 1985). These experiments were carried out using the
same method as the previous 15N-Ammonium uptake experiments. However, before
being spiked with labeled ammonium, the ciliates and algae were treated for 4 hours with
MSX at a final concentration of 0.5 µM. This final concentration and incubation time were
chosen based on published studies on inhibition of the GS pathway (Ahmad & Hellebust
1985). No obvious toxic effects of this treatment on the ciliates were observed (e.g.
changes in swimming speeds or patterns).

Ammonium Addition
To determine if increase in algal growth rates was due to remineralization of
ammonium by the ciliates, I first preacclimated ciliates at growth saturating algal food
concentrations. I then placed 10-15 ciliates in six 10 ml wells within hanging cell culture

72

inserts, with saturating algal food concentrations inside and outside of the insert as was
done in the previous grazing experiments. I then added ammonium to half the wells to a
final concentration of 100 µM. The algae and ciliates were fixed and counted after 72
hours as they were in the growth and grazing experiments.

Statistics
To compare growth and grazing curves of the two ciliates, I fit Michaelis-Menten
curves that were modified to include a threshold value below which there would be no
growth or no ingestion (Montagnes 1996). These curve fits were then compared using an
extra-sum-of-squares F-test. This test compares the pooled sum of squares from curves fit
to the two data sets separately to the extra sum of squares for all the data fit to one
curve. This was also done for the parameter estimates of Michaelis-Menten equation. I
compared the pooled sum of squares for the two data sets fit separately and for the fits if
a parameter estimate, for example maximum growth rate (Vmaxµ), was equal for both
sets. The null hypothesis is that there is either one fit or one parameter estimate for the
two data sets (Motulsky & Ransnas 1987).
For multiple comparisons, I used ANOVA followed by multiple pair-wise
comparisons with Holm adjusted p-values. The Holm adjustment is similar to the
Bonnferoni correction. Both methods control for the fact that as you increase the number
of simultaneous pair-wise comparisons you increase the probability of making a type I
error. However, the Bonnferoni correction adjusts either alpha or p-values by the same
factor for all comparisons based on the total number of tests (α/k), while Holm correction
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first orders the raw p-values from lowest to highest and then compares them from
smallest to largest to α/k α/k-1, α/k-2 … α/1 (Holm 1979). This addresses the problem of
falsely rejecting a null hypothesis just by chance when doing many comparisons and the
problem of the Bonnferoni correction being so conservative that a null hypothesis is
accepted erroneously (Montgomery 2005).

Results
Cultures
Nitrogen content of S. rassoulzadegani was 1.29 ngN cell-1 (SD = 0.003). The molar
carbon to nitrogen ratio of S. rassoulzadegani was 6.3. This is within the range of 3-8
reported for a similarly sized Strombidium capitatum (Stoecker et al. 1989), and my
measured carbon content of 6.8 ngC cell-1 (SD = 0.061) closely matched the value of 6.5
ngC cell-1 (SD = 0.53) calculated using the relationship developed by Menden-Deuer &
Lessard (2000). The nitrogen content of Strombidinopsis based on the reported C:N ratio
of 3.3 and carbon content of 13.7 ngC cell-1 (SD = 1.6) was 4.84 ngN cell-1 (SD = 0.55). The
carbon content measured by Siuda and Dam is similar the calculated value of 12.1 ngC (SD
= 1.6) per ciliate (Menden-Deuer & Lessard 2000, Siuda & Dam 2010) (Table 4.1).
Heterocapsa triquetra had an average volume of 8642 µm3 (SD = 712) and an
estimated nitrogen content of 259 pgN cell-1 (SD = 18). The average volume of Tetraselmis
chui was 782 µm3 (SD = 199) and the nitrogen content was 28 pgN cell-1 (SD = 6.3).
Rhodomonas lens had and average volume of 451 um3 (SD = 51) and a nitrogen content of
14 pgN cell-1 (SD= 1.3). The nitrogen content of algae has been shown to be influenced by
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the composition of the media (Geider R. & La Roche J. 2002). However, my culture
conditions were similar to those used by Verity & Langsdon (1984) and Menden-Deuer &
Lessard (2000) (Table 4.1).
Table 4.1. Algal and ciliate cell size, carbon and nitrogen content. Values are means with
standard deviations in parentheses.

Species
S. rassoulzadegani
S. rassoulzadegani*
Strombidinopsis†
Strombidinopsis*
Rhodomonas lens
Tetraselmis chui
Heterocapsa triquetra

pgC cell-1
6800 (61)
33523 (2793) 6500 (53)
13700 (1600)
63141 (8519) 12100 (1600)
451 (51)
67 (7)
782 (199)
112 (27)
8642 (712)
1074 (83)

µm3 cell-1

pgN cell-1
1.29 (0.003)
NA
4.84 (0.55)
NA
14 (1.3)
28 (6.3)
259 (18)

*Menden-Deur & Lessard 2000
†Siuda & Dam 2010

Growth, Grazing and GGE
We found in an extra-sum-of-squares F-test (Motulsky & Ransnas 1987) that the
Michaelis-Menten fits for growth (µ) vs. algal food concentration were significantly
different for the two ciliates (p < 0.001). The maximum growth rate (Vmaxµ) of the
mixotrophic ciliate S. rassoulzadegani (1.41 d-1, SD = 0.14) was significantly different (p =
0.012) from that of the heterotroph Strombidinopsis (1.29 d-1, SD = 0.13). The algal food
concentrations at which the ciliates reach half their maximum growth rate (Kmµ) were
also significantly different (p = 0.003), S. rassoulzadegani had a Kmµ of 42 µgN L-1 (SD = 14)
and Strombidinopsis sp. had a Kmµ of 90 µgN L-1 (SD = 24). The estimated threshold food
concentration under which there was no growth (Tµ) was zero for both ciliates (Table 4.2,
Figure 4.2).
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The Michaelis-Menten curve fits for ingestion (IR) vs. algal food concentration
were found to be significantly different for these ciliates (p < 0.001). The maximum
ingestion rates (VmaxIR) were significantly different (p < 0.001) between the mixotroph S.
rassoulzadegani (24 d-1, SD = 1.14) and the heterotrophic ciliate Strombidinopsis sp. (6.57
d-1, SD = 1.08). The half saturation constants (KmIR) were also significantly different (p =
0.006). Strombidium rassoulzadegani had a KmIR of 407 µgN L-1 (SD = 63), and
Strombidinopsis had a KmIR of 213 µgN L-1 (SD = 40). The thresholds below which I saw no
grazing (TIR) were significantly different for the two ciliates (p = 0.003), TIR was zero (SD =
13) for S. rassoulzadegani and 43 µgN L-1 (SD = 9) for Strombidinopsis (Table 4.2, Figure
4.3).
Nitrogen gross growth efficiencies (GGE) for Strombidium rassoulzadegani, the
mixotroph, ranged from 0.06 to 0.7, with a sharp increase at low food concentrations. In
the heterotrophic ciliate Strombidinopsis sp., GGEs were lower than those of the
mixotroph at low food concentrations and higher at high algal food concentrations. GGE
for Strombidinopsis ranged from 0.2 to 0.45. There was a similarly sharp increase in GGE
at low food concentration for the heterotrophic ciliate as with the mixotroph (Figure 4.4).
The pattern of variation in nitrogen gross growth efficiencies was more similar between
the ciliates than what was shown for carbon in Chapter 3.
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Figure 4.2 Strombidium rassoulzadegani and Strombidinopsis sp. growth (µ) measured
over a range of algal food concentrations expressed as µgN L-1. The lines are MichaelisMenten curve fits with a threshold added. The curve fit parameters can be found in Table
4.2.
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Figure 4.3 Strombidium rassoulzadegani and Strombidinopsis sp. ingestion rates (IR)
measured over a range of algal food concentrations expressed as µgN L-1. The lines are
Michaelis-Menten curve fits with a threshold added. The curve fit parameters can be
found in Table 4.2.
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Table 4.2 Parameter estimates for Michaelis-Menten curve fits (Figures 4.1 and 4.2).
Values in parentheses are standard errors of the parameter estimate. Values marked with
an * were found to be significantly different from zero at an α level of 0.05. The p-values
listed (column p) are from extra-sum-of-squares F-tests to determine if two separate
parameter estimates produce a better fit than one.

Overall Fit µ
Vmaxµ (d-1)
Kmµ (µgN L-1 )
Tµ (µgN L-1 )

S. rassoulzadegani
-1.41* (0.14)
42* (14)
0 (14)

Strombidinopsis
-1.29* (0.13)
90* (24)
0 (13)

<0.001
0.012
0.003
1

p

Overall Fit IR
VmaxIR (d-1)
KmIR (µgN L-1 )
TIR (µgN L-1 )

-24* (1.14)
407* (63)
0 (13)

-6.57* (1.08)
213* (40)
43* (9)

<0.001
<0.001
0.006
0.003
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Figure 4.4 Strombidinopsis sp. and S. rassoulzadegani gross growth efficiencies (GGE)
when presented with a range of algal food concentrations (µgN L-1). GGE for S.
rassoulzadegani were higher than that of Strombidinopsis sp. at low food concentrations,
but lower at high algal food concentrations.

15N

Uptake in Strombidium rassoulzadegani
We measured ammonium uptake in S. rassoulzadegani after acclimation at

saturating and subsaturating algal food concentrations, and in the light and dark. Using a
two-way ANOVA followed by a pair-wise multiple comparisons with Holm p-adjustment
(Holm 1979) I found that for S. rassoulzadegani light did not have a significant effect on
ammonium uptake (p = 0.99). However, the algal food concentration at which the ciliate
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was preacclimated did have a significant impact on ammonium uptake (p = 0.002). In pairwise comparisons I did not see differences between light and dark treatments (p = 0.8 for
saturating food concentrations, and p = 0.1 for subsaturating food concentrations). There
were significant differences between saturating and subsaturating food concentrations (p
= 0.04 in the light, and 0.003 in the dark). In general, S. rassoulzadegani that are food
saturated for growth, were able to take up ammonium faster than those that were
subsaturated (Figure 4.5). In experiments where ciliates were exposed to methionine
sulfoximine (MSX) prior to the introduction of ammonium in the light and dark there was
a significant impact of MSX on the uptake of ammonium (p = 0.0002). Light did not have a
significant effect in this experiment (p = 0.99). In pair-wise comparisons, MSX treatment
was significant for both light (p = 0.0009) and dark (p = 0.0001) treatments. However
there was no significant difference between light and dark treatments within the MSX+ (p
= 0.99) or the MSX- (p = 0.075) treatments Figure 4.6).
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Figure 4.5 Ammonium uptake in the mixotrophic ciliate S. rassoulzadegani. In this
experiment there was no significant effect of light or dark treatments, but the food
concentration at which the ciliate was acclimated did have a significant impact on
ammonium uptake.
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Figure 4.6 Ammonium uptake in the mixotrophic ciliate S. rassoulzadegani with or
without the competitive inhibitor MSX. In this experiment there was a significant
difference between light or dark treatments, MSX treatments also had a significant impact
on ammonium uptake.

I also measured nitrate uptake in S. rassoulzadegani. Nitrate uptake was between
0.05 and 0.19 d-1 less than ammonium uptake. In a two-way ANOVA there was no effect
of light or dark treatments (p = 0.51), but a significant effect of food concentration (p =
0.003). However the interaction of light and food concentration was not significant (p =
0.15). Pair-wise comparisons show a significant difference between saturated and
subsaturated food concentrations in the light (p = .008) and in the dark (p = 0.001), with
subsaturated ciliates having higher uptake. There was no significant difference between
the light and dark treatments at either saturating (p = 0.6) or subsaturating (p = 0.4) algal
food concentrations (Figure 4.7). All nitrate uptake values were significantly different from
zero; p-values were 0.0012 and lower.
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Figure 4.7 Nitrate uptake in the mixotrophic ciliate S. rassoulzadegani. In this experiment,
there was a not significant effect of light or dark treatments, but the food concentration
at which the ciliate was acclimated did have a significant impact on nitrate uptake.
However, nitrate uptake was very small.

15N

Uptake in Strombidinopsis sp.
In ammonium uptake experiments with the heterotroph, I measured the effect of

light and dark, algal food concentration and MSX treatments in the same experiment. This
necessitated using a three-way ANOVA. In the three-way ANOVA followed by pair-wise
multiple comparisons with a Holm p-adjustment there was no significant effect of light (p
= 0.06) or algal food concentrations (p = 0.63) on Strombidinopsis sp. ammonium uptake
(Figure 4.8). However, MSX did have a significant effect (p < 0.0001). All pair-wise
comparisons between treatments with and without MSX showed these means to be
significantly different at a p-value of at most 0.05. All MSX treatments had lower uptake
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than those treatments without MSX. There were also significant differences between the
ciliates that were pre-acclimated at saturating food concentrations and then placed in the
light without MSX and those that had subsaturating food and were then placed in the
dark without MSX (p = 0.016), with subsaturating concentrations having higher uptake.
The food saturated treatment in the light with MSX was also significantly higher than the
subsaturated (p = 0.0006) (Figure 4.8).
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Figure 4.8 Ammonium uptake in the heterotrophic ciliate Strombidinopsis sp. with or
without the competitive inhibitor MSX in the light and dark, after being exposed to
saturating and subsaturating food concentrations. In this experiment there was no
significant effect of light or dark treatments, MSX treatment had a significant impact on
ammonium uptake, but algal food concentration did not have a significant impact on
ammonium uptake.

In the heterotrophic Strombidinopsis sp., all nitrate uptake values were
significantly different from zero, p-values were 0.001 and lower. There was a significant
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effect of light (p = 0.015) and algal food concentration (p = 0.004) on nitrate uptake
(Figure 4.9). Furthermore, there was a significant interaction between light and algal food
concentrations (p = 0.047). I also found that uptake was higher in the light than dark in the
subsaturated treatments (p = 0.04) and saturated light and dark treatments (p = 0.04).
Uptake in the saturated light was greater than the subsaturated dark treatment (p =
0.0007). However, all ciliate uptakes were small (maximum was 0.03 d-1 in the dark
subsaturated treatment) when compared to the uptake rates of the algal controls (0.17 d1

in the light and 0.045 d-1 in the dark) (Figure 4.9).
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Figure 4.9 Nitrate uptake in the light and dark after being exposed to saturating
and subsaturating algal food concentrations. Algal food concentrations had a significant
effect on nitrate uptake, but light and dark treatments did not. However, uptake in all
treatments was small.
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Ammonium Addition
We grew Tetraselmis either in f/2 medium in the presence of ciliates but protected
from grazing by being separated by a well insert (ciliate water) or in f/2 medium without
ciliates (f/2) with and without added ammonium. I found a significant effect of the
presence of ciliates (p= 0.039) and the addition of ammonium (p = 0.049). In pair-wise
comparisons there was a significant difference between treatments given ammonium
when ciliate were not present (p = 0.049), and a significant difference between algae that
did not receive additional ammonium with and without ciliates (p = 0.003). However,
when ciliates were present I did not see a difference between treatments with or without
ammonium (p = 0.64), or in treatments with ammonium, with or without ciliates (p = 0.45)
(Figure 4.10).
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Figure 4.10 Tetraselmis growth rate
in ciliate water with and without
added NH4+ and in f/2 media with
and without NH4+. Columns are
means, error bars represent standard
deviation. Columns labeled with the
same letters above them are not
significantly different at an9
α of 0.05.
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Discussion
Ammonium uptake seemed to be dependent on the algal food concentration at
which the ciliate was pre-acclimated in the mixotroph but not in the heterotroph. This is
what initially led us to believe that they were using different uptake mechanisms. If the
mixotrophic ciliate Strombidium rassoulzadegani was using the ATP dependent GS
pathway and the heterotrophic ciliate Strombidinopsis sp. the GDH pathway, I would
expect the GS inhibitor MSX to only reduce ammonium uptake in the mixotroph.
However, MSX reduced ammonium uptake in both ciliates suggesting that both ciliates
use the GS pathway. The GS pathway is common. For example, it is found in vertebrate
liver cells and neurons where is it used to control ammonium concentrations (Matthews
et al. 2005). The GS pathway is also found in the plastids of algae so I cannot rule out the
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possibility that the GS pathway is active in the mixotroph’s stolen plastids (Falkowski &
Raven 2007). However, the present data does not support the original hypothesis. There
is still the difference in how the two ciliates’ ammonium uptake responds to algal food
concentrations. The mixotrophic S. rassoulzadegani uptake seems to be more closely tied
to its growth rate than is the heterotroph’s. In the MSX experiment and in preliminary
experiments, S. rassoulzadegani ammonium had lower uptake rates in the dark than in
the light, but there was no difference in the heterotroph. The heterotrophic ciliate,
Strombidinopsis spp., may be using the GS pathway to mitigate the toxicity of ammonium
as is done in the liver cells and neurons of vertebrates, whereas the mixotrophic ciliate
could be using the GS pathway to supplement its nitrogen needs by taking up inorganic
nitrogen. This is supported by the fact that the mixotroph has somewhat higher GGEs for
nitrogen at low food concentrations (Figure 4.3).
Both the mixotrophic and heterotrophic ciliate’s GGEs were below 1 (100%),
suggesting that both ciliates’ nitrogen needs could be met through diet. As a percentage
of S. rassoulzadegani total uptake (inorganic and ingestion) ammonium uptake was 3.4%
at saturating food concentrations and 4% at subsaturating food concentrations and
nitrate was only 0.18 and 1.72% respectively. Inorganic uptake in Strombidinopsis sp. was
generally similar to that of the mixotroph with ammonium representing 2.3% of the total
uptake at saturating food concentrations and 8% when food concentrations were
subsaturating. Nitrate uptake as a percentage of the total nitrogen was similar to the
mixotroph, 0.3 and 1.4% at saturating and subsaturating food concentrations.
When I adjusted growth efficiencies to account for inorganic uptake, termed total
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growth efficiency (TGE), I saw little effect of inorganic uptake on growth efficiency. Gross
growth efficiencies being below 1, and total growth efficiencies not being very different
from GGE together suggest that inorganic nitrogen is not an important nitrogen source for
either ciliate (Figures 4.11 and 4.12).
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Figure 4.11 Strombidium rassoulzadegani GGE’s (ingestion only) using ingestion and
growth rates from the Michaelis-Menten curves, compared to TGE’s which includes
ingestion and inorganic uptake. Columns are means with propagated standard error.
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Figure 4.12 Strombidinopsis sp. GGE’s (ingestion only) using ingestion and growth rates
from the Michaelis-Menten curves, compared to TGE’s which includes ingestion and
inorganic uptake. Bars are means with propagated standard error.

We can estimate the remineralization rate of nitrogen as remineralization =
uptake - growth. At the saturating algal food concentrations, the remineralization rates
for both ciliates were similar, 4.43 d-1 for the heterotroph and 5.04 d-1 for the mixotroph.
These remineralization rates are about 22 times higher than the total inorganic uptake
rates suggesting that these ciliates are net remineralizers at high algal food
concentrations. At subsaturating food concentrations, the mixotroph’s remineralization
rate was 0.95 d-1 and the heterotroph’s was 0.97 d-1. At these food concentrations, the
heterotroph is still remineralizing nitrogen 19 times faster than they are taking up
inorganic nitrogen. However, the mixotroph was remineralizing only about 9 times faster
than they were taking up inorganic nitrogen at the subsaturating food concentrations.
These estimated remineralization rates are higher than rates measured by Verity (1985)
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for Tintinnids which ranged between 0.4 and 2.88 d-1. Verity (1985) fed the Tintinnids a
maximum algal diet of 700 µgC L-1. However, I fed my algal food concentrations ranged
from 100 to 20,000 µgC L-1 (14 to 6500 µgN L-1), with the saturating algal food
concentration being 2808 µgC L-1 (828 µgN L-1) for the mixotroph and 3103 µgC L-1 (807
µgN L-1) for the heterotrophic ciliate. Strombidium sulcatum a heterotrophic relative of
Strombidium rassoulzadegani had ammonium excretion rates of 0.25 to 2 µgN mgDW-1 h-1
(Ferrier-Pagés & Rassoulzadegan 1994). Dolan (1997) converted Verity’s specific rates to
dry weight specific rates (ugN mgDW-1 h-1); using the same assumptions (65% shrinkage
from Lugol’s fixation, specific gravity of ciliates = 1, and (0.2) (wet weight) =dry weight), I
can convert Strombidium rassoulzadegani and Strombidinopsis sp. uptake rates into the
same units. My dry weight specific rates at the subsaturating food concentrations were
within the range found in the previously mentioned studies, 3.8 µgN mgDW-1 h-1 for S.
rassoulzadegani and 6.4 µgN mgDW-1 h-1 for Strombidinopsis sp. Dry weight specific
uptake at the saturating food concentrations were higher than what has been reported
for other ciliates, 24 µgN mgDW-1 h-1 for S. rassoulzadegani and 29 µgN mgDW-1 h-1 for
Strombidinopsis. However, these are estimates based solely on the difference between
uptake and growth rates, both Verity (1985) and Ferrier-Pagés & Rassoulzadegan (1994)
directly measured ammonium excretion. Ferrier-Pagès et al. (1998) observed that during
exponential growth Strombidium sulcatum released amino acids. The apparently high
excretion rates of both my ciliates at high algal food concentrations are most probably
due to the release of amino acids. Both positive and negative chemotaxis have been
demonstrated in ciliates including Strombidium sp. suggesting that free dissolved amino
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acids may be used for cell to cell signaling in these microbes (Levandowsky et al. 1984,
Verity 1988, Strom et al. 2007)
Both ciliates are net remineralizers of nitrogen; this is not too surprising for the
heterotroph. However, it is often hypothesized that mixotrophs are competing with algae
for nutrients. Dolan (1997) observed that in terms of ammonium excretion, mixotrophs
are not very different from heterotrophs, and my data supports this. Strombidium
rassoulzadegani can reach high abundances in tide pools. Rather than competing with
algae for inorganic nitrogen in these confined spaces, the mixotrophic ciliate is providing
the algae ammonium and contributing to the dissolved organic nitrogen pool. I therefore
must also reject hypothesis 1. This does not mean that kleptoplastidic mixotrophs cannot
influence food webs. Maximum ingestion rates were much higher for the mixotroph than
the heterotroph (Table 4.1). This resulted in lower GGEs for the mixotroph at high algal
food concentrations. The mixotrophic ciliate is potentially ingesting much more food than
it actually needs because it is eating to replace plastids (McManus et al. 2004, 2012,
Schoener & McManus 2012). This need for fresh plastids could result in a kleptoplastidic
ciliate controlling algal population through grazing rather than through competition for
inorganic nitrogen.
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Chapter 5
Summary, Discussion and Future Directions
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Summary and Discussion
I set out to examine the role of captured chloroplasts in the metabolism of the
oligotrich ciliate Strombidium rassoulzadegani. Experiments were conducted to evaluate
the uptake and retention of chloroplasts, the ability of two different algae to supply
functional chloroplasts, and the photosynthetic uptake of inorganic carbon by the
chloroplasts once inside the ciliate. In addition, the ability of the ciliate to take up
inorganic forms of nitrogen and its role as net mineralizer or utilizer of inorganic nitrogen
was examined, using stable isotope tracers of N in nitrate and ammonium. I compared
mixotrophic ingestion and inorganic uptake to that of the heterotrophic ciliate
Strombidinopsis.
When starved, Strombidium rassoulzadegani survived longer after being fed
Tetraselmis than it did after being fed Rhodomonas (Figure 2.3). There was an initial
period of low mortality after acclimation on either algae, but this period was longer for
ciliates fed Tetraselmis. However, S. rassoulzadegani seemed to be able to retain plastids
from either source until they starved to death (Table 2.1). Strombidium rassoulzadegani
was able to switch from Rhodomonas-derived plastids to Tetraselmis-derived plastids
faster than the inverse. Strombidium rassoulzadegani also preferentially retained the
plastids of Tetraselmis over those of Rhodomonas while at the same time ingesting them
both at equal rates (Figure 2.7). Strombidium rassoulzadegani maximum growth rate was
greater with the Tetraselmis diet than the Rhodomonas diet but required light to grow
with either (McManus et al 2012) (Figures 2.4, 2.4 and Table 2.2). Furthermore, gross
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growth efficiencies were higher on Tetraselmis than Rhodomonas (Figure 2.6). Together
these data suggest that the ciliate is getting a greater benefit or subsidy from Tetraselmis
and that it could be selecting plastids based on this.
To further examine the role of inorganic nutrition, I compared C and N utilization
in S. rassoulzadegani and the heterotroph Strombidinopsis sp. In terms of carbon, the
numerical response (growth rate) of the two ciliates was similar, but the maximum
ingestion rate of S. rassoulzadegani was much higher (Figures 3.1 and 3.2). The
differences in functional response (ingestion rate) between the ciliates resulted in a
difference in GGE. Strombidium rassoulzadegani had higher GGE’s at low food
concentration suggesting that they gained a carbon subsidy from their kleptoplasts (Figure
3.3). At higher food concentrations S. rassoulzadegani GGE’s were very low because they
never became ingestion saturated. Together with the plastid selection data, this implies
luxury consumption at high algal food concentrations. The ciliates may be polling the
algae, looking for the freshest or most suitable plastids, and egesting plastids rather than
digesting them.
When I measured inorganic carbon uptake I found no change in S. rassoulzadegani
uptake with food concentration, but autotrophy was a larger proportion of metabolism at
low food concentrations (Figure 3.4). In pulse chase experiments most of the inorganic
carbon that S. rassoulzadegani had taken up was respired and not recycled (Figure 3.8). In
contrast, Strombidinopsis sp. had higher inorganic carbon uptake at higher food
concentrations (Figure 3.5). This was the result of the ciliate having undigested algal cells
inside it at the time of the experiment. This does not seem to have an effect on the
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growth efficiency of Strombidinopsis in my fast-growing cultures, but the ciliate may get a
small subsidy if it slows down digestion when food is scarce. I think this is unlikely but it
does warrant more investigation.
Heterotrophic and mixotrophic GGEs in terms of nitrogen were more similar than
the carbon GGEs (Figure 4.4). However, Strombidium rassoulzadegani still had lower GGEs
at high algal food concentrations (Figure 4.4). Both ciliates GGEs were below one,
suggesting that both ciliates can satisfy all their nitrogen requirements through ingestion.
Ammonium uptake was small when compared to ingested nitrogen, and did not affect
GGE for either ciliate (Figures 4.11 & 4.12). Nitrate uptake was very small but statistically
greater than zero (Figures 4.8 & 4.9).
Strombidium rassoulzadegani showed a strong preference for Tetraselmis-derived
plastids. Furthermore, the ciliate made better use of the preferred plastids. Strombidium
rassoulzadegani consumed algae at much higher rates than it needed to when food
concentrations were saturating for growth. The goal of this extreme consumption may be
to obtain the freshest or most suitable plastids. This mixotrophic ciliate does get an
important inorganic carbon subsidy at low food concentrations, but most of what is taken
up is respired (Figure 3.8).
Even though S. rassoulzadegani and Strombidinopsis both take up inorganic
nitrogen, these ciliates appear to be net remineralizers of nitrogen (see discussion in
chapter 4). Strombidium rassoulzadegani is providing algae with inorganic nitrogen rather
than competing for it. This is probably true for most type III mixotrophs. Dolan (1997)
showed that excretion rates did not differ between heterotrophs and mixotrophs.
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Furthermore, in mathematical models type III mixotrophs did not compete for inorganic
nitrogen (Stickney et al. 2000). Also the C:N ratio of S. rassoulzadegani was quit high when
compared to Strombidinopsis. High C:N ratios are often seen in nitrogen limited algae.
This may further suggest a decoupling of inorganic carbon and nitrogen uptake in these
organisms.
S. rassoulzadegani ingests the reproductive cells of the macroalgae Ulva, and
retains it plastids. Ulva reproduction is closely tied to tidal cycles (Pringle 1986). As a
result, S. rassoulzadegani experiences cycles of boom and bust in terms of algal food
availability. The ability of this mixotrophic ciliate to use inorganic carbon for some growth
may allow it to survive when algae are scarce. However, because most of the ciliate’s fixed
carbon is respired, perhaps it is used to fuel the search for more algal food (Dolan & Pérez
2000). Alternatively, by using the photosynthate for respiration the mixotrophic ciliate
may allow more ingested material to be used for growth. At the same time, the ciliate
may be excluding other organisms that would compete for the swarmers by keeping the
abundance of all single celled algae low. Strombidium rassoulzadegani also remineralizes
nitrogen, which could enhance algal growth.

Future Directions
We saw differences in ammonium uptake with changes in algal food concentration
in S. rassoulzadegani but not Strombidinopsis. Initially I thought that they were using
different incorporation mechanisms. However, inhibition experiments suggested that
both ciliates use the GS pathway to incorporate ammonium. Vertebrates use the GS
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pathway to mitigate the toxicity of ammonium (Matthews et al. 2005). If Strombidinopsis
is using the GS pathway to mitigate ammonium toxicity then it is not surprising that algal
food concentration did not have an effect. When presented with the same external
concentrations of ammonium one food saturated Strombidinopsis would have to process
the same amount of ammonium as an unsaturated cell. However, the concentrations that
the ciliates were presented with in this study were lower than what has been shown to be
toxic in other ciliates. For example, the concentration at which a population of
Paramecium bursaria experiences 50% mortality (LD50) was 96 mgL-1 (5,333 µM).
Euplotes vannus had an even higher LD50 at 7870 mgL-1 (4.37x105 µM) (Xu et al. 2004,
Henglong et al. 2005). If the ciliate is using ammonium to produce new protein then it
may need to take up more when it is growing faster. An alternative explanation is that the
kleptoplastidic ciliate raised with higher food concentrations may have fresher plastids
that are better able to incorporate ammonium. Both explanations need the site of the GS
activity to be in the plastid. To falsify either hypothesis I would need to show whether the
site of incorporation is in the plastid or not. To distinguish between these two hypotheses
I might determine if the age of the plastids had an effect on ammonium uptake. I would
also like to measure directly ammonium and amino acid excretion in S. rassoulzadegani
and Strombidinopsis to complete the nitrogen budget.
While S. rassoulzadegani retains plastids when starved, I do not know how
functional these plastids are. To determine this I can perform a series of 14C-carbon
uptake experiments while the ciliate starves over time. In a previous study I were able to
get S. rassoulzadegani to grow in the dark when fed Prorocentrum minimum. I would like
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to explore whether S. rassoulzadegani is truly growing heterotrophically through inorganic
uptake experiments, or if the ciliate is gaining some other benefit other than a carbon
subsidy.
I also put forth a hypothesis that states that the heterotrophic ciliate could get a
subsidy from undigested algae if it could slow down its digestion when food is scarce and
growth is low. To test this hypothesis I would maintain Strombidinopsis at low food
concentrations, which would induce low growth rates, for a long period. Inorganic uptake
and ingestion would then be measured throughout; an increase in carbon uptake, and
GGE, would indicate that the ciliate is getting some benefit from retained algae while
starving.
In chapter 2 I showed that S. rassoulzadegani can discriminate between plastids. I
do not know how S. rassoulzadegani selects plastids. I also do not know how the ciliate
positions the plastids, or if and how it may signal the foreign organelle.
There may be ecosystem consequences of kleptoplastidic mixotrophy.
Using artificial food web experiments or models, I may be able to determine if S.
rassoulzadegani can competitively exclude heterotrophic protists. Models and artificial
food webs could also determine the effect of the kind of mixotrophy presented here on
trophic transfer efficiency.
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